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1 . SUMMARY 

A study was conducted to determine a procedure for correcting static- 
engine data for the effects of forward motion. Data were analyzed from air- 
plane-flyover and static-engine tests with a JT8D-109 low-bypass-ratio turbo- 
fan engine Installed on a DC-9-30, with a CF6-6D high-bypass-ratio turbofan 
engine Installed on a DC-1 0-10, and with a JT9D-59A high-bypass-ratio turbofan 
engine Installed on a DC-10-40. The observed^ fferences between the static 
and the flyover data bases are discussed In terms of noise generation, con- 
vective amplification, atmospheric propagation, and engine Installation. The 
results Indicate that each noise source must be adjusted separately for 
forward-motion and Installation effects and then projected to flight conditions 
as a function of source-path angle, directivity angle, and acoustic range 
relative to the microphones on the ground. In order to Investigate the effect 
of forward motion on jet noise, other low-frequency sources such as core 
noise, nonpropulsive noise (airframe-generated noise), and jet-flap-inter- 
action noise must be considered. High-frequency noise measured on the static- 
test stand and projected to flight must be adjusted for an additional source 
of atmospheric absorption, excess attenuation. The level and the directivity 
of the fan tone at blade-passing frequency generated under static conditions 
must be corrected for the reduced level of turbulence in flight and for the 
change in the modal constituents of the source. At frequencies equal to and 
greater than the fan-blade-passing frequency, the increased flight levels of 
turbine noise must be considered. 
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PRECEDING PAGE-BLANK- NOT FILMED 
2. INTRODUCTION 


The accurate prediction of airplane flyover noise levels has become 
Important in the evaluation of noise-reduction features for both present and 
future aircraft designs. Engine noise can be reduced by using aero-acoustic 
design features to reduce the Intensity of generated noise at the source and 
by using acoustic treatment to reduce the Intensity of noise propagating 
through the engine ducts. With the many possible tradeoffs for meeting 
specified in-flight noise goals, each noise-reduction feature mus-t be evaluat- 
ed against the potential penalties in weight, performance, and cost that It 
would Impose on the engine/airframe system. An accurate definition of the 
engine noise sources (jet, core, fan inlet, fan discharge, and turbine) 
relative to the total engine and airframe flyover noise levels is therefore 
essential in order to properly assess noise-reduction features and require- 
ments. 

4 

An important consideration now is the effects of forward flight and 
engine installation (on the airplane) on flyover noise, and whether flyover 
noise can be predicted accurately by using static-noise measurements or 
wind-tunnel -simulated flight-noise measurements. It is now widely recognized 
that forward motion and engine installation alter the mechanisms of noise 
generation and propagation (refs. 1 through 14). Contradictory results have 
been noted for the effects of forward motion on the low-frequency jet noise 
levels (refs. 1 through 6). The lower flight levels in the aft quadrant 
were consistent with predicted relative-velocity effects, but small decreases 
and even increases in the inlet quadrant were not. The changes were not 
constant with angle (directivity angle relative to the inlet centerline), as 
had been assumed in earlier prediction methods. The increased levels in the 
inlet quadrant were neither observed in model -jet flight simulation (refs. 

15 through 19) nor predicted on the basis of classical jet-noise theories. 
References 6 and 20 have shown that the discrepancy can be reconciled by 
taking Into consideration the contributions from other low-frequency noise 
sources, such as core noise and shock-cell noise. Comparisons of fan noise 
levels (refs. 6 through 14) have shown that the high-frequency levels arc 
significantly reduced during flight compared with the noise generated static- 
ally. The difference was due to the lower level of the fan fundamental tone 
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In the flight spectra and to the lower level of the flight fan spectra relative 
to the static-projected fan spectra for frequencies greater than the funda- 
mental blade-passing frequency. However, turbine noise levels were shown to be 
lower under static conditions. The results suggested (1) that the mechanism 
of fan-noise generation and the resultant modal structure of the sound field 
propagating In engine ducts was different under static and under flight con- 
ditions, (2) the method that had been used to project static engine data to 
flight conditions did not properly account for the propagation of high-frequency 
noise through the atmosphere, and (3) the mechanisms of turbine noise propa- 
gation was different under static conditions. As a result, the evaluation of 
noise-reduction features that uses static-engine data projected to flight con- 
ditions may be Inaccurate unless the statlc-to-filght differences (differences 
required to correct static-projected levels to the flyover noise levels) and 
correction procedures are known. The prediction method therefore depends on 
(1) proper identification of static*engine noise source levels, spectra, and 
directivity and (2) adjustment on a noise-source basis of the data for the 
effects of engine Installation, propagation, and forward motion. 

This report discusses the procedures used to Identify, separate, and 
correlate static-engine and flyover noise sources. Comparisons of static- 
engine -and airplane *lyover noise are based on results of tost programs with 
a JT8D-109 1 ow-by pass- rati ' turbofan engine installed on a DC-9-30, with a 
CF6-6D high-bypass-ratio tur^ofan engine installed on a DC-10-10, and with a 
JT9D-59A high-bypass-ratio turbofan engine Installed on a DC-10-40. The 
observed differences between static and flyover data bases are discussed in 
terms of noise generation, convective amplification, atmospheric propagation, 
and engine Installation. The objectives of this study are (1) to define the 
effects of forward motion on static-engine noise levels and (2) to develop 
methods of adjusting the static-engine data for the effects of forward motion 
and engine installation. 

This study was conducted by the Douglas Aircraft Company, a division of 
the McDonnell Douglas Corporation, under contract to the NASA-Lewis Research 
Center (NAS-20031). 


3. TECHNICAL APPROACH 


This section of the report describes the selection of the static- and 
the flyover-noise data bases to be used In the noise-source analysis. The 
specific tasks were (1) to define and to separate engine-noise sources (jet, 
core, fan Inlet, fan exhaust, and turbine) In both static and flyover 
data bases, (2) to define the differences between the two data bases, (3) to 
account for the statlc-to-fllght differences In terms of the effects of engine 
installation, propagation, and forward motion, and (4) to account for the 
remaining differences empirically as effects of forward motion on static- 
engine noise levels. 


3.1 TEST CONFIGURATIONS AND PROGRAMS 

The flyover-noise data used in the analyses were derived from test pro- 
grams that used a DC-9-30 (fig. 1) powered by two Pratt and Whitney refanned 
JT8D-109 low-bypass-ratio turbofan engines, a DC-10-10 (fig. 2) powered by 
three General Electric CF6-6D high-bypass-ratio turbofan engines, and a 
DC-10-40 (fig. 3) powered by three Pratt and Whitney JT9D-59A high-bypass-ratio 
turbofan engines. The DC-9 program was conducted under NASA contract number 
NAS3-17841 (ref. 21). The others were funded by McDonnell Douglas. All the 
tests were conducted at the Douglas Test Facility in Yuma, Arizona. Flyover 
noise data were measured with ground- and tripod-mounted microphones. Micro- 
phones mounted flush with the ground beneath the airplane flight path were 
used in order to minimize ground-reflection effects on the low- to mid- 
frequency regions of the spectra. In addition, microphones were mounted in 
both inlet and fan discharge ducts of the CF6-6D and in Inlet, fan duct, and 
tailpipe of the JT8D-109. References 9 and 21 describe the locations of 
internally mounted microphones in the CF6-6D and the JT8D-109, respectively. 

The instrumentation and the procedures used to measure and to reduce acoustical 
data, engine and airplane performance data, weather data, and airplane space- 
positioning data are discussed in references 14 and 21. The flyover noise data 
Presented were averaged over several runs with approximately the same power 
setting. Table 1 summarizes the flyover noise runs used in the flight data 
base. The static-noise data obtained from Pratt and Whitney for the refanned 
JT8D-109 and for the JT9D-59A engines were measured with 4.H8m-pole microphones 
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(10° to 150° from the Inlet) and flush-mounted ground microphones (90° to 160° 
from the Inlet) located on a 45,7m radius. In the inlet quadrant, for which 
flush data were not available, the static-noise data measured with a 4.8am-polo 
microphone were corrected to the levels of ground-microphone measurements by using 
empirical correction factors developed from 4.8an-polo- and ground-microphone 
noise data measured In the aft quadrant. Static-noise data obtained from 
General Electric for the CP6-6D engine were measured with 12.2m-pole microphones 
on a 45. 7m- radius. The static engine noise runs to be used In comparison with 
the flight data base are given In table 2. 

Figure 1(b) shews the JT8D-109 engine and nacelle. Acoustically absorp- 
tive materials were used to suppress fan noise In Inlet and discharge ducts 
and fan and turbine noise In the primary nozzle. Figures 2(b) and 3(b) show 
the CF6-6D and JT9D-59A wing-engine nacelles, respectively. The production 
nacelle for the CF6-6D and JT9D-59A uses acoustically absorptive materials to 
suppress fan noise in the Inlet and fan discharge ducts. The primary nozzle 
of the JT9D-59A Is treated to suppress turbine noise. 

3.2 PROCEDURES FOR SEPARATING ENGINE NOISE SOURCES 

In the following analyses, the procedures are discussed that were used 
to Identify, to separate, and to correlate the engine noise sources from static 
and flyover noise levels. In order to use the noise-source separation pro- 
cedures for static and flyover noise, the flyover noise data were corrected 
to a polar-arc radius of 45.7 meters, to be consistent with the measured- 
static engine data. The steps used In the correction procedure are as 
follows: 

1. Adjust measured flyover noise to reference weather conditions using 
reference 22 and layered atmosphere corrections (sound-path weather at 100 ft. 
Intervals). 

2. Determine the acoustic range and the directivity angle from the lead 
engine Inlet centerline at each point in the flyover-f 1 2 3 *< ht-path profile. 

3. Convert the flyover SPLs to 45.7m-polar noise levels by using 
spherical divergence and atmospheric absorption derived in reference 22. 


4* Estimates of airplane nonpropulslve noise levels at a 45,7 mater radius 
derived from measurements of the DC-10 Idle flyover noise, described In reference 
23, wore subtracted on an energy basis from the flyover data, . 

The nolso-soureo definition had to account for the separate contributions of 
discrete-frequency and broadband noise from fan, compressor, and turbine stages, 
as well as the broadband low-frequency nolso due to the combustion process and 
to externally generated jet nolso, In addition, It was required that the sum of 

the separated static and flyover noise sources be equivalent to the measured 
levels. 

3.2.1 Separation of Low-Frequency Noise Components from Measured Data 

In order to eliminate the masking effects due to ground reflections, static- 
and flyover-noise data measured with flush-mounted microphones were used to 
Identify and to separate the low-frequency noise components from the measured 
data. By using the procedures outlined above, the flyover noise data were I 

projected back to a polar-arc radius consistent with the static-engine noise data. [ 
No corrections were made for the effect of jet-noise source distribution, since 
the adjustments would not have been applicable to flyover and static data at jet 
velocities less than takeoff velocity, where core noise becomes more prominent, 

The low-frfequency (50 to 1000 Hz) parts of the measured static and flyover 
adjusted spectra were assumed to be due to contributions from jet-plus-core 
noise. The high-frequency (1250 to 10,000 Hz) parts of the jet-plus-core spectra [ 
were determined by using an assumed "roll-off" rate based on Inspection of measured 
data at each Inlet angle (see fig. 4). Roll-off rates were found to vary from 
4 to 6 per octave, depending on the Inlet angle (table 3). The remaining high- 
frequency portion of the measured spectra was assumed to be due to turbomachinery- 
nolse components. 

3.2.2 Comparisons of Static and Flight Low-Frequency Noise 

Figure 5 presents a typical comparison of flight and static low-frequency- 
noise OASPLs for the DC-9-30/JT8D-109 measured at a primary jet velocity of 
221 m/sec. The figure shows little or no difference between static and flight 
OASPLs In the Inlet quadrant. In the exhaust quadrant, the flight levels are 
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lower than the static levels. Comparison of static and flight spectra at an 
n et angle of 50° (fig, 6) shows nearly equal peak SPU In' the 316- to 125Q-H? 
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to the trend observed (n the 00-9-30/3780-109 07177^177’ Vf 77 
comparisons Indicate the need to Identify and to separate the Jet ad core 
noise components from the measured low-frequency noise. J 

3-2.3 Separation of Static Jet- and Core-Noise Components 

The first step Is to Identify the Individual jet and core noise soectral 

“lleTbr “7 red l0W ' freqUency SPL "■ ’options used 

mmarlzed below and are Illustrated In figure 11. 

1. At high power settings (Jet velocities above 305 m/sec), the 
measured Jet-p, us-core noise spectra are dominated by Jet noise. 
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In general, pure" jet-noise spectra normalized In terms of 1/3-octave-band SPLs 
relative to QASPLs have been shown to correlate with the nondlmnnslonal Strouhal 
parameter, f O/Vjp . An example of the correlation Is shown In figure IP for 
model-scale static jet noise at 120° from tho Inlet. In contrast, core noise, 
which Is of higher frequency, does not correlate with Strouhal number. It has 
boen shown in reference 24 that for a given engine tho peak frequency and the 
normalized spectral shape are Independent of power settings (l.o., primary-jot 
velocities). Plotting the static JTHD-109 low-frequency noise spectra versus 
Strouhal number (e.g., fig. 13) shows tho data for hlgh-jet-volodty collapsed 
to a single spectrum Identical to tho model-scale jet noise spectrum. at the same 
angle. The data for lower Jet velocities have shifted progressively to higher 
Strouhal numbers; that Is, they do not correlate with Strouhal numbers. The 
peak frequencies of those spectra are approximately 400 to S00 Hz over a wide 
range of jet velocities and angles (fig. 14). The low-frequency noise spectra 
for the very low jet velocities were normalized as functions of the peak 
frequency and SPL, which was suggested In reference 24. The resulting spectra 
are shown In figure 15 for Inlet angles of 50°, 90°, 120°, and 140°. The 
spectra are the same for all angles, and they are therefore considered to be 
Individual core-noise spectra. 

The corresponding normalized spectra for jet and core noise Identified 
from the static JT9D-59A low-frequency SPL spectra are shown in figures 16 
and 17 for angles 50°, 90°, 120°, and 140°. Again, the normalized spectral 
shapes for core noise are the same for all angles, and they are nearly 
identical to the spectral shapes derived for the static JT8D-109 core-noise 
component. The core-noise peak frequencies (fig. 18) for the static 
JT9D-59A engine are lower than the corresponding core frequencies for the 
JT8D-109 engine. 

With the jet- and core-spectrum shapes that had been determined, the 
second step in the analyses was to determine the relative levels of jet and 
core noise In the measured low-frequency spectra. A curvo-fit technique was 
required to provide the best combination of the jet and core normalized 
spectra to fit the measured data as illustrated in figure 19. Initial esti- 
mates of the individual jot and core noise SPLs were combined to give an 
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estimated jot-plus-core noise SPt spectrum, Baginning with the 1/3-octave- 
band center frequency at 60 Hz and continuing to successive bands at higher 
frequencies, the estimated SPLs wore subtracted from the measured SPU, giving 
the sum of the differences between the measured and the estimated SPt spectra 
for the 24 frequency bands as 

24 

" w C s ^(1) niQa§urQt i - SPL(1) Qh ti,natQd^ 
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The quantity n 2 (variance) Is used to find out how close the estimated SPL 
spectrum is to the actual spectrum. The estimates of Individual jet and core 
noise levels were then Incremented independently to crdate a matrix of 
upvalues. Curve-fit techniques were then used to determine the set of jet 
and core levels that would give the best fit to the measured SPL data. The 
OASPLs for the individual jet and core components were then calculated 

The measured low-frequency OASPLs and jet and core OASPLs etived by 
that method are shown in figure 20 for the JT8D-109 and In figure 21 for the 
JT9D-59A static data at 120°. for simplicity, both jet and core OASPLs are 
correlated on the basis of the primary jet velocity. In the JT8D-109, the 
measured low-frequehcy noise levels are dominated by core noise at jet 
velocities below 192 m/sec and by jet noise at jet velocities above 340 m/sec. 
Similarly, the total low-frequency noise levels for the JT9D-59A are dominated 
by core noi^e at jet velocities below 120 m/sec and by jet noise at jet velo- 
cities above 240 m/sec. Tables 4 and 5 present correlations of static jet- 
and core-noise levels for the JT8D-109 and the JT9D-59A, respectively, for 
angles from 50° to 150°. 

3.2.4 Separation of Flight Jet- and Core-Noise Components 

The procedures previously described for the separation of static jet- 
and core-noise components were used to identify and to separate the individual 
spectra and levels of jet- and core-noise components for the DC-9-30/ JT8D-1 09 
and the DC-1 0-40/ JT9D-59A flyover noise data. The normalized jet-noise- 
component spectra derived from the DC-9-30/ JT8D-1 09 flyover data are presented 
in figure 22 for angles of 50°, 90°, and 120°. The relative jet velocity. 
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Vjp - V a , was used In the Strouhal parameter Instead of the primary jet 
velocity, Vj p . The corresponding In-flight spectra for the DC-1 0-40/ JT9D-59A 
are presented in figure 23. The normalized spectral shapes for core-noise 
components for the DC-9-30/ JT8D-1 09 are presented In figure 24. The core 
spectral shapes were Identical for all angles. The in-flight core peak 
frequencies, f ^ were higher than the peak frequencies observed statically 
(fig. 25). The corresponding normalized spectral shapes for core noise of 
the DC-1 0-40/ JT9D-59A are shown In figure 26. The core peak frequencies 
of the JT9D-59A were also higher in flight (fig. 27). 


Examples of correlations of the individual levels of jet- and core-noise 
components and the combined level for the twc components are given in figures 
28 and 29 for the DC-9-30/ JT8D-1 09 and the DC-1 0-40/ JT9D-59A flyover data at 
120°, respectively. For the purpose of comparison, the individual levels and 
the combined total levels were correlated on the basis of primary-jet velocity. 


3.2.5 Separation of Turbomachinery Noise from Static-Engine Data 

In- the inlet quadrant, high-frequency noise consists primarily of fan- 
inlet noise; in the exhaust quadrant it consists primarily of fan discharge 
and turbine noise. Fan noise is composed of discrete tones at blade-passing 
frequency and of harmonics at multiples of the blade-passing frequency super- 
imposed on a broadband-noise spectrum. At supersonic fan tip speeds multi pie- 
pure- tone (MP!) noise is generated by the fan rotor and is propagated out the 
inlet. Turbine noise is composed of discrete tones and a broadband noise 
spectrum generated by the stages of the low-pressure turbine. For the spectral 
comparisons that follow, tones generated by the fan rotor and by the booster 
stage are designated by F and B, respectively, and the numbers 1 through 5. 
Fundamental tones generated by the last three stages of the low-pressure turbine 
stages are designated by T and by the numters 2, 3, and 4 for the JT8D-109, 
by 3, 4, and 5 for the CF6-6D, and by 4, 5, and 6 for the JT9D-59A engines. The 
following sections discuss the component-noise separation based on static-engine 
data for the refanned JT8D-109. Similar results were obtained for the CF6-6D 
and the JT9D-59A. 



3. 2. 5.1 Removal of low- frequency noise from measured data. - Before turbo- 
machinery noise sources could be separated Into components, .low** frequency 
noise sources (jet-plus-core noise) were removed from the measured data. 
Correlations of jet and core noise described-in section 3.2.1 were used to 
define the jet-plus-core-nolse spectra and levels. Table 3 presents the 
roll-off rates used -to^extrapol ate the low-frequency jet-plus-core noise to 
the high frequencies. Beginning with the 10 kHz band and continuing to 
successively lower bands, the jet-plus-core noise levels were Subtracted on 

an energy basis from the total measured levels to get the total turbomachinery 
noise levels. The subtraction procedure continued, band by band until the 
jet plus-core-noise spectrum was_w1thin 1 dB of the total measured data. The 
high-frequency turbomachinery noise was then extrapolated to lower frequencies 
(fig. 30) by using roll-off rates consistent with fan/compressor test-stand 
data previously obtained from engine manufacturers (table 3). 

3.2.5.2 Separation of data Into discrete tones and broadband noise . - The 
procedures for predicting turbomachinery noise required the determination of 
the relative contributions of tones and broadband noise to a given spectrum. 
The following criteria for separating broadband and discrete tone noise were 

i). used: 

1. The tones considered were those of the fan-blade-passing frequency 
(BPF), the second through the fifth harmonics, fan booster (BPF of the 
first stage of the low-pressure compressor), and the BPF tones from the 
last three low-pressure turbine stages. 

2. If more than one tone from the same noise source (e.g., turbine 
BPFs) occurred in the same 1 /3-octave band, they were assumed to have equal 

..i 

strength. 

3. If more than one tone from different sources (e.g., one or more 
turbine BPFs and a fan harmonic) occurred in the same 1/3-octave band, narrow- 
band data were used to determine the relative levels. Details of the pro- 
cedure will be described in more detail in section 3. 2. 5.4. 

4. The broadband noise spectrum was assumed to be piecewise linear 

l", with 1 /3-octave-band number. The broadband level in the band containing 

• the BPF tone was determined by interpolating between adjacent frequency bands 
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composed of essentially broadband noise only. 

The sound pressure level (SPL) of the tone(s) In a band was obtained by 
subtracting the mean-square broadband pressure from the total mean-square 
turbomachinery sound pressure. The total mean-square sound pressure of the 
tone(s) was then distributed equally among the tones present In the band for 
the same source and finally converted to a sound pressure level. 

Separatio n of Inlet and aft turbomachinery noise . - Inlander to 
separate inlet from aft turbomachinery noise levels, procedures developed 
under the NASA Refan Program (ref. 21) were used to define the directivity of 
the exhaust noise in the inlet quadrant and that of the inlet noise in the aft 
quadrant. Table 3 presents the roll-off rates for alJ- frequencies determined 
for the contribution of Inlet and aft levels In their opposing noise quadrants. 
Figure 31. illustrates the results of the separation procedure as applied to the 
JT8D-109. Similar results were obtained for the CF6-6D and JT9D-59A static-noise 
levels. 


3.2.. 5 A Separation of fan-exhaust and turbine noise . - At power settings 
below takeoff, noise generated by the last three stages of the low-pressure 
turbine could in most cases be identified from narrowband data. Figure 32 
shows the prominent features of 0T8D-109 and JT9D-59A turbine noise as tones 
with a haystacking of broadband noise around the blade-passing frequencies 
of the low-pressure turbine stages. For those power settings, narrowband data 
were used to separate the peak turbine (broadband plus discrete) from the fan 
1 /3-octave-band levels for a given fan rotor speed and angle as given in figure 
33. That procedure was used to define turbine levels for a wide range of angles 
at each fan rotor speed at which turbine noise* could be Identified. The turbine 
directivity derived from the source-separation analyses was found to be approxi- 
mately constant with power setting. It is given in figure 34, together with 
similar results derived in references 25, 26, and 27 and In a Douglas analysis 
of the JT9U-2U data. In addition, the turbine broadband-spectrum shape was found 
to be approximately constant with power setting and angle, as is shown by the 
solid line in figure 35. The derived spectrum shape compares well with the 
results of reference 25 and Douglas analysis of the JT9D-20 data, but reference 
26 shows a more broad spectrum shape at frequencies below the peak frequency. 
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Those procedures were used to define turbine noise spectra, levels, and 
directivities. With the spectra defined, the turbine noise levels could be 
subtracted from the total -aft-turbomachlnery spectral levels on an energy basis 
to obtain the fan-exhaust noise levels shown in figure 36 for the JT8D-109 
static-noise levels. Again, similar results were obtained for the CF6-60 and 
the JT9D-59A engines. The spectral levels were then normalized with respect 
to engine airflow rates and correlated with physical- and corrected-fan rotor 
speed and angle. 

3.2.6 Separation of Turbomachinery Noise from Flyover-Noise Data 

To provide a comparative flight data base, the high-frequency levels 
were corrected to a 45.7-meter radius and separated from the measured flyover- 
noise levels by a procedure similar to that used In the statlc-rtolSe analysis. 
Before the turbomachinery components could be Identified and separated the 
high-frequency noise levels had to be corrected back to the source for the 
effects of Doppler frequency shift on the broadband and the discrete-tone com- 
ponents. In addition, all spectra were inspected for completeness, or for 
data dropouts. Data dropouts generally occurred at the very high frequencies 
when the airplane was at such large distances from the microphone that the sound 
generated was not distinguishable from the background noise. In those cases, 
extrapolated values were supplied. Once the corrections were applied, the 
flyover spectrum was then separated into the jet plus core, inlet turbomachinery, 
and aft turbomachinery noise components (figs. 37 and 38) as described previously 
In section 3.2.5 for static noise data. To derive turbine noise levels In the 
flight data, the derived static levels were modified to account for the effects 
of jet exhaust sound scattering (described in section 3. 4. 1.4). The modified 
turbine levels were then subtracted from the aft turbomachinery levels to yield 
the fan-exhaust noise levels (fig. 39). As with the statl c- turbomachinery 
source levels, the separated source levels were normalized with respect to air- 
flow rates and correlated with physical- and corrected-fan rotor speed and 
angle. 
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3.3 DEFINITION OF STATIC-TO-FL IGHT DIFFERENtES 

To Identify the effects of forward motion on the engine noise sources, 
the static-engine and the flyover noise levels were compared and the areas of 
disagreement discussed in terns of the mechanisms that alter the generation 
and the propagation of the noise under forward motion. To compare the static- 
engine and the flyover noise data, the separated noise sources that had been 
determined were projected to flight conditions, with the same adjustments 
applied to the flyover noise data (section 3.2). Flyover and static-projected 
noise components were added, to give the original fUght levels and the total 
static-projected levels. In the following analysis, comparisons of flyover 

and static-projected noise levels are presented and the areas of disagreement 
are noted. 


3.3.1 Jet and Core Noise 


Comparisons of static and flight total low-frequency noise were presented 
In figures 5 - 10. In general, the flight levels were shown to be lower than 
those measured during static operation at all angles. For low jet velocities 
comparisons of DC-9 flyover and JT8D-109 static data show that the flight data 
are only slightly less than the static levels, whereas, the DC-10 flyover 
levels are slightly higher than the JT9D-59A static levels In the inlet quad- 
rant. Separation of the total measured data Into its jet and core noise 
components (figs. 20 and 21) have shown that core noise is the dominant source 
at low jet velocities while the jet noise dominate? at higu jet velocities. 

3.3.2 Turbomachinery Noise 


Figure 40 shows comparison of flight- and static-projected tone-corrected 
perceived noise levels (PNLT) plotted versus inlet angle for the DC-9-30/JT8D-109 
airplane configuration. At approach power (fig, 4a), the flight data are lower 
than the static data in both the Inlet quadrant ahd, to a lesser degree, In the 
exhaust quadrant. Conversely, for a takeoff power setting (fig. 40b), the 
flight data are higher than the static. Figure 41 shows comparisons of the 
flight- and the static-projected 1/3-octave-band spectra at approach power, at 
particular angles of interest In the flight-path profile. The higher static 
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PNLTs are due to Increases In the high frequencies at and above the fan blade- 
passing frequency. The differences are less pronounced at aft angles. At 
takeoff power, measured flyover and static spectra are dominated by low-frequency 
jet noise sources. There Is little contribution from turbomachinery noise. 

Figure 42 shows comparisons of flyover and predicted PNLTs for the 
DC-10-10/CF6-6D airplane configuration. The static-predicted levels are again 
higher than the flight in the Inlet quadrant at approach power (fig. 42a), but 
the flight levels are higher than the static levels at the peak aft-noise 
angles. Figure 42b shows that at takeoff power the flight data are higher than 
the static at the peak Inlet-noise angles and that the static data are higher 
than the flight at the peak exhaust angles. Figures 43 and 44 show the flight- 
and the static-spectra comparisons for approach and for takeoff power settings, 
respectively. Figure 43 shows that the Increased static PNLTs at approach power 
are due to Increased levels at the fan fundamental frequency and the frequencies 
of the fan harmonics and turbine blade passing. For aft quadrant angles, the 
level of the static fan fundamental Is higher than in flight, and the Increased 
flight levels are due to higher levels at the turbine blade-passing frequencies. 
Figure 44 shows that Increased flight levels In the inlet quadrant at takeoff 
power setting are due to the propagation of multi pi e-pure-tone noise (MPT) at 
multiple frequencies of the fan speed. In addition, the high-frequency static 
data at the fan fundamental and harmonics are higher than the flight data, the 
differences becoming greater with increasing frequency. 

Figure 45 shows static and flyover PNLT comparisons for the DC-10-40/ 
JT9D-59A. As with the DC-1 0-1 0/CF6-6D, the static data for approach power are 
higher in the Inlet quadrant and lower in the aft quadrant than the flight 
data. But at takeoff power the static data are higher than the flight at all 
angles In the flyover-noise history. Spectral comparisons at approach power 
(fig. 46) show that the Increased static levels In the inlet are due to the 
higher levels of the fan fundamental and harmonics. At angles farther aft, 
the flight data are higher for frequencies at and near the 1/3-octave band 
containing the turbine discrete tones. At takeoff power (fig. 47), the 
spectra are dominated to a large extent by jet noise, but the contribution 
of turbomachinery noise is still evident. 
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3.4 CORRECTIONS FOR THE EFFECTS OF ENGINE INSTALLATION 
AND ATMOSPHERIC PROPAGATION 

To Identify the effects of forward motion on engine noise sources, it Is 
necessary to adjust the static-engine data for engine Installation and propa- 
gation effects. The effects of engine Installation Include (1) effects of 
relative engine location (axial separation between engines), (2) effects of 
fuselage and wing shielding of the fan-inlet noise, (3) effects of sound 
scattering of fan and turbine noise by the wing-flap-wheel wake, (4) effects 
of jet-exhaust sound scattering of turbine noise, and (5) effects of inlet 
contour on fan-inlet noise. Nonpropul sive noise, which is described in 
reference 23 and which is defined as the noise generated in flight by sources 
other than the engines (fuselage, wing-flap system, landing-gear struts, 
and wheel wells), must also be included in the category of installation 
effects. The effects of wing shielding ind of sound scattering by the wing- 
flap-wheel wake will be discussed for the DC-9-30/ JT9D-1 09 airplane con- 
figuration, and the effects of jet-exhaust sound scattering will be discussed 
for the exhaust-nozzle configuration for the CF6-6D and for JT9D-59A high- 
bypass-ratio engines. Propagation effects, in particular, the effects of 

excess attenuation, will be discussed for both a DC-9 and a DC-10 airplane in 
section 3.4.2. 

3.4.1 Engine-Installation Effects 

i- n 3. ine location. - Figure 48 shows the location of the engines on the 
DC-10-10. Two engines are mounted under the wings, and a third is mounted in 
the vertical tail 68 feet aft of the wing engines. For low-altitude flyovers, 
the engine noise cannot be considered to come from a point source, with three 
engines at the same axial location. Static levels for each engine must there- 
fore be adjusted for spherical divergence, atmospheric absorption, Doppler 
shift, etc., as functions of the source-path angle (angle between the observer 
and the flight path), the directivity angle (the angle between the observer 
and the inlet centerline), and the acoustic range relative to the ground 
microphone. 
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Figure 49 shows the effect of the DC-10-10 tail-engine location on 
directivity angles during a level-flight flyover at an altitude of 152,4 m. 
When the airplane Is directly overhead, the propagation angle from the Inlet 
of the wing-mounted engines Is approximately 10° greater than that of the tall 
engine. As the airplane approaches and passes overhead, the differences in 
directivity angle and In acoustic range make the noise levels lower than they 
would be If the engines had no axial separation. The effect Is the opposite 
for the noise levels In the aft quadrant. The effects of Doppler shift and* 
to a lesser degree, of atmospheric absorption will also be affected. 


3. 4. 1.2 Fuselage shielding . - With the third DC-10 engine mounted above the 
fus-elage In the vertical tall, fan-inlet noise Is shielded by the fuselage 
from microphones located directly beneath the flight path, which further 
reduces the inlet flyover-noise levels from those of the static case. 

3. 4. 1.3 Wing shielding and wake sound scattering . - Comparisons of static 
and flight narrowband spectra (ref. 14), which were measured by microphones 
mounted In the Inlet of the JT8D- 109- powered DC-9-30 airplane, showed that the 
levels of the random broadband noise and tones at discrete frequencies did not 
change significantly In flight at approach power settings. Similar trends 
were observed for static and flight narrowband spectra measured in the fan 
duct and in the tailpipe, which suggested that the static-to-fl ight differ- 
ences observed in figure 40 were due to factors affecting the propagation 
rather than the generation of fan noise. Specifically, it was suggested that 
the location of the fuselage-mounted engines relative to the wing affected the 
propagation of fan noise. Figure 50 shows the location of the JT8D-109 engine 
relative to the wing-flap configuration of the DC-9-30 airplane. Fan-inlet 
noise propagating at shallow angles is shielded from microphones under the 
flight path by the wing-flap system. In addition, fan-inlet, fan-exhaust, and 
turbine noise must propagate through the turbulent wake from the wing-flap- 
landing-gear system during forward motion. A detailed description of the 
analyses performed to account for those effects Is reported in reference 21. 


The approach used to predict the attenuation due to wing shielding was adapted 
from the barrier theory described by Beranek in reference 28. The barrier 
theory, which is based on optical -diffraction (Fresnel) theory, assumed that 
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only the Incident wavofleld close to the top edge of the harrier contributed 
to the wavefleld diffracted over the barrier. The barrier was modeled by the 
wing-flap system, and the noise generated by the fan was assumed to come from 
a point source. 

To aecount for the differences between static-projected and flyover noise 
data In the regions outside the shadow zone, It was suggested that the wake 
generated by the wings, flaps, and landing gear altered the propagation of 
turbomachinery noise sources. An analysis was therefore performed by applying 
Rudd's concept of sound scattering by turbulence (ref. 29). Rudd's treatment 
of the scattering of sound by turbulent jets was modified to represent the 
similar spreading rates and velocity distributions of the wing-flap-wheel 
wake. 


3, 4. 1.4 Jet-exhaust sound scattering . - Figure 51 compares the turbine-noise 
suppression during static and flyover operation measured with and without the 
acoustically treated turbine reverser installed In the CF6-6D. It shows that 
more noise reduction was measured in flight than in static operation. On the 
basis of Rudd's results and an experimental program described in reference 30, 
which was conducted to investigate shielding and scattering by a jet flow, it 
was shown that the thickness of the jet was very effective in reducing aft- 
radiated noise. Comparison of the difference in the fan/ambient shear layer 
between static and flight operation of the CF6-6D in figure 52 suggested that 
the increased level of turbine noise in flight is primarily due to the de- 
creased sound scattering through the fan ambient shear layer to the far field 
during forward motion. To investigate those effects, the sound-scattering 
theory of Rudd was applied to the CF6-6D and JT9D-59A turbine-static noise 
levels. The thickness of the JT8D-109 shear layer was estimated to be 
smaller due to the long duct nozzle configuration. As a result, the effects 
of sound scattering on JT8D-109 turbine noise were considered to be negligible. 

It should be noted that because jet-exhaust sound scattering affects the 
relative levels of turbine and fan noise in the same 1/3-octave-bands, the 
source-separation procedures had to be modified. The separation of fan ex- 
haust and turbine noise from flyover noise data* which was based on the 
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relatlvn turbine noise levels determined from static narrowband data, was 
modified to Increase the turbine noise levels relative to the fan levels In 
accordance with the decreased scattering effect through the fan ambient shear 
layer (section 3.2.6). 

3. 4. 1.5 Inlet contour . Figure 53 compares the Inlet jadrant spectra for a 
flight Inlet with that of a bellmouth Inlet during static operation of the 
JT9D-20 at static takeoff power. The noise levels with the bellmouth Inlet 
are higher, particularly in the Inlet quadrant. Potential -flow studies show 
that with the production nacelle operated statically the ambient air is drawn 
In from all directions as In a classical "sink" flow with a stagnation point 
on the nacelle lip* as in figure 54. The result Is that the flow accelerates 
around the lip* producing regions of high Mach numbers on the Inlet walls. 
During forward motion, flow is ingested along lines nearly parallel to the 
inlet centerline. As a result, the inlet stagnation point moves inside the 
nacelle lip (fig. 55), and the high-velocity flow regions are reduced. 

That phenomenon is most important in the attenuation of multi pi e-pure- 
tone (MPT) noise generated by shock waves from the rotors operating at sonic 
and supersonic tip speeds. In static operation, MPT noise propagating in the 
nacelle suffers significant attenuation in traversing the high Mach number 
regions. During forward motion, MPT noise propagates out of the inlet with- 
out appreciable attenuation. Because MPTs occur at frequencies that are in- 
tegral multiples of the fan shaft speed, the increased noise levels in flight 
can occur at any point in the spectrum, although they occur typically in the 
low to middle frequencies. In addition, the increased flows during static 
operation are typically higher than the optimum flow for the design acoustic- 
liner impedance, which can affect the attenuation of the propagated discrete 
tones at the fundamental and the harmonics of blade-passing frequency. 


3. 4 , 1.6 Nonpropul sive noise . - The noise generated by the airframe in flight 
provides a noise floor from which potential engine-noise reductions must be 
evaluated. At lower fan speeds and with more effective acoustic liners in 
fan nacelles and discharge ducts, nonpropulsive noise becomes dominant in 
flight. Figure 56 illustrates the various nonpropulsive noise sources on a 


DC-10 airplane configuration. Fluctuating lift forces on the wing-flap system, 
fuselage, empennage, and open wheel wells during approach result In a lift- 
dipole source of noise. Drag dipoles are generated by fluctuating drag forcer, 
on those components and on the landing-gear structures, The procedures used 
for defining nonpropulslvo noise sources are reviewed In reference 23. 

3.4.2 Propagation Effects - Excess Attenuation 

Comparison of flyover noise and static-engine noise projected to flight 
conditions has consistently shown static-projected spectra higher than flight 
spectra at frequencies greater than blade passage (refs. 6, 7, 9, 11). f»inco 
the high-frequency reduction was Independent of engine type and observation 
angle and since no reduction was indicated by microphone measurements in inlet 
and fan ducts, it is believed to be due to increased atmospheric attenuation 
over propagation distances usually larger than those for static measurements. 
Specifically, It Is thought that the high-frequency spectral differences are 
due to excess attenuation, which is defined in reference 31 as the attenuation 
over and above the attenuation obtained by using current procedures to predict 
molecular and classical absorption, (ref. 22). 

3. 4. 2.1 Description of problem . - Comparison of CF6-6D static-engine 1/3- 
octave-band spectra projected to flight conditions and DC-10-10 flyover-noise 
data (fig. 57) showed that at frequencies greater than blade passage the 
static spectra were higher than the flight spectra. At the 8000-Hz band, 
differences of from 10 to 20 dB were common. Observation of narrow-band 
spectra measured by microphones mounted internally in inlet and fan discharge 
ducts of the CF6-6D during static and flight operation showed changes in the 
high-frequency region of the spectra of the order cf 2 dB (fig. 58). That 
result indicated that static and flight high-frequency sound sources were 
substantially the same. In order to evaluate and to eliminate, if possible, 
the procedure used for correcting test-day spectra to reference weather 
conditions as a potential source of the high-frequency error, DC- 10-10 flyover 
noise spectra measured during approach at an altitude of 121 meters for three 
different weather conditions were compared. The sound-path weather conditions 
for each run are shown in figure 59; the test-day spectra are shown in figure 
60. Comparisons of the spectra and of the weather conditions aloft showed 
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that two of the spectra were nearly equal and that the weather conditions 
wore similar. However, tho high-frequency region of the third spectrum was 
considerably lower than those of the other two, which was similar to the 
results In figure 57. Although the temperature profiles were all similar, the 
humidity profile of the third was considerably lower, which Indicated a higher 
IqvoI of atmospheric absorption. Correcting the measured spectra to reference 
weather conditions by using sound-path weather collapsed the data to approxi- 
mately the same reference spectrum (fig. 61). That result Indicated that the 
use of ARP 866 to correct measured data to a given set of reference weather 
conditions on a layerbd-weather basis was adequate and that It was not the 
cause of the high-frequency differences In figure 57. 

The high-frequency differences observed In figure 57 therefore appeared 
to be due to Increased atmospheric attenuation over propagation distances 
usually larger than those for static-engine measurements - excess attenuation. 
The primary cause of excess attenuation was believed to have been sound 
scattering due to atmospheric turbulence. Secondary causes, such as sound 
refraction due to temperature and wind gradients and to variations In ground 
absorption, were shown to have small effects. 

3.4. 2.2 Test configurations and programs . - The data base for the analysis 
consisted of measured flight spectra obtained from the DC-9-30 airplane 
powered by JT8D-109 refan engine (fig. 1) and from the DC-10-40 airplane 
powered by 0T9D-59A engines (fig. 3). For the DC-9-30 flyovers, three 
microphone locations were used, with a maximum total spacing of approximately 

3.2 km. A summary of the DC-9-30/ JT8D-1 09 test data is shown in table 6. For 
the DC-10-40, two microphone locations were used, with a maximum total spacing 
of approximately 2.2 km. A summary of the DC-10-40/JT9D-59A test data useu 

is shown in Table 7. The data were recorded during the following types of 
flyover noise runs with microphones directly beneath the flight path: 

1. Approach-altitude flyover at a constant glideslope (table 6a) 

2. Level flight at approach altitude with climbout to takeoff altitude 
at a constant climb angle (table 6b). 

3. Takeoff-altitude flyover at a constant climb angle (tables 6a and 7). 
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In all runs, noise data were measured when there wore no temperature Inversions, 
and tho weather variations wore limited to temperature between 7" C and 17 f 'C 
and humidities between 30 and 7b percent. 

3.4,2. 3 Method AQaJ^sl Ijj - In order to account for h1qh=frequoncy differences 
between static-projected levels and liyover-nolso levels, an additional source 
of atmospheric absorption had to bo Included, together with the classical 
and the molecular absorption coefficients defined In reference 2?. ihe 
additional attenuation Is defined as excess attenuation. 

High-frequency spectral differences wore analyzed by comparing flyover- 
noise data measured beneath the flight path of a selected airplane configura- 
tion at a given power setting. Each flyover-noise spectrum measured at one 
microphone location was corrected to reference weather conditions by using the 
sound-path weather measured at Incremental heights above the microphone. In 
order to correct the spectrum to a common altitude (defined as the minimum 
height over the microphone) and common flight-path profile, reference 22 and 
spherical divergence were applied to the measured data at each microphone 
location (fig. 62). That approach had two advantages: The airplane acted as 
a constant noise source with a uniform pattern of noise emission during each 
run, and it minimized the effects of changes in weather. In wind speed, and In 
wind direction that might occur between runs. Also, comparing flight data 
with flight data made it unnecessary to apply any correction for the effects 
of forward motion and of the engine installation that would be required for 
making valid comparisons of static and flight data. But that approach could 
introduce into the analysis two other variables as potential sources of error - 
differences In ground reflection and absorption at different microphone locations 
and use of two different microphones. In order to eliminate those variables, 
data from a DC-9 level flight run at takeoff power were compared. The data 
had been measured overhead at two microphone locations at nearly equal 
altitudes. Figure 63 shows the resulting comparison of spectra measured at 
altitudes of 138 m and 149 m and adjusted to the common altitude of 131 m. 

The spectra are essentially equal at all frequencies, which eliminated micro- 
phone and microphone location as possible sources of error in the subsequent 
analysis. 
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Figure 64(a) presents a spectral comparison of 009-30/ JTBP-1 09 flyover 
noise measured during one approach run at the close-in altitudes of 262 meters 
and 113 meters, As was to be expected, the spectrum measured at 262 meters 
was lower at all frequencies than that measured at 113 meters, because of 
additional absorption and spherical divergence over a greater distance, The 
comparison of the two spectra adjusted to the common altitude of 121 meters 
Is shown In figure 64(b). Using the present projection methods of reference 22 
and spherical divergence should theoretically have eollasped the two adjusted 
spectra to a single reference spectrum. However, as Is shown by figure 64(b), 
the high-frequency region of the spectrum from 262 meters Is lower, which 
indicates an additional source of atmospheric attenuation. Tho discrepancies 
In the low-frequency range may be considered to be due to ground dip and 
therefore neglected. 

A comparison of DC--9-30/ JT80-1 09 spectra measured at takeoff power and 
large distances from the microphones is shown in figure 65. The same kind of 
comparison for the DC-1 0-40/ JT9D-59A Is shown in figure 66. Although the 
results were similar to those obtained from comparisons at approach altitude, 
the high-frequency differences measured at the higher takeoff altitudes were 
smaller, even though the spectra were projected over greater distances. The 
fact that the high-frequency differences observed at approach altitudes were 
larger than those observed at takeoff altitudes indicated that excess attenua- 
tion was greater closer to the surface of the earth. 

3. 4. 2. 4 V ariation with altitude . - It is reported in references 31 through 
38 that excess attenuation is greater near the earth's surface than at higher 
altitudes. Specifically, it was shown that there was much excess attenuation 
below altitudes of approximately 250 meters and little or none above that 
altitude. 

In order to investigate the variation of excess attenuation with altitude, 
spectral differences derived from approach and takeoff flyover runs of the 
DC-9-30/ JT8D- 109 were plotted versus difference in overhead altitude for 
1 /3-octave-band frequencies greater than 1000 Hz. Because of contamination 
by background noise, it was not possible to define spectral differences for 
frequencies greater than 4000 Hz at takeoff. At approach, there was some 
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contamination at frequencies greater than 6300 Hz. Figure 67 shows the high- 
frequency spectral differences for flyover-noise runs at approach and takeoff 
altitudes. At the lower approach altitudes, the spectral differences increased 
rapidly with distance and frequency. Since the takeoff spectra were projected 
over greater distances than the approach spectra, it was to be expected that 
the Increased effect of excess attenuation would appear as larger high-frequency 
differences. However, the rate of increase for the higher takeoff altitudes 
was not as great as that for lower approach altitudes. That result confirms 
the findings in references 31 through 38, which indicate that excess attenua- 
tion is more pronounced at altitudes less than approximately 250 meters. 

3.4.2JS Variation with frequency . - Two equations for excess attenuation were 
derived in reference 31. The first assumes an ideal atmosphere, for which 
sound scattering may be treated as a Bragg diffraction phenomenon. The excess- 
attenuation coefficient, o s , is a function of frequency squared. The second 
assumes a real atmosphere for which, because of the nonhomogeneous and non- 
isotropic nature of the atmosphere, Bragg diffraction is only an approximation. 
The excess-attenuation coefficient is then a function of the one-third power 
of frequency. 

in order to investigate the variation of excess attenuation with frequency, 
the excess-attenuation coefficients per 330 meters were calculated as functions 
of ASPl and aAU, where ASPL is defined as the difference in sound pressure 
level between the measured and the projected spectra and AAlt is the distance 
over which the spectrum was projected. Excess-attenuation coefficients cal- 
culated at approach for the DC-9- 30 are shown in figure 68. In the curve of 
figure 68, excess attenuation is a function of the 1.3 power of the frequency, 
which lies between frequency squared for a homogeneous atmosphere and the 
one-third power of the frequency for a nonhomogeneous atmosphere described 
in reference 31. Figure 69 shows excess-attenuation coefficients at takeoff 
for the DC-9-30 and the DC-10-40. Because of the smaller effect of excess 
attenuation at the higher takeoff altitudes, the absorption coefficients 
for takeoff are smaller. An empirical formula for excess attenuation at 
takeoff is not presented, since, because of background-noise contamination, 
the spectral differences could not be defined clearly at frequencies greater 
than 4000 Hz. The averages of the excess-attenuation coefficients for approach 
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and takeoff altitudes are shown in figures 70 and 71. respectively. From 
empirical correlations of DC-9-30 and DC-10-40 flyover noise, the effects 
of excess attenuation In the atmosphere were derived. The correlations show 
significant data scatter In the spectral differences at high frequencies. In 
order to more clearly define the mechanisms of excess attenuation and to 
develop more accurate and reliable prediction methods more work is required. 

In order to reduce the scatter, data would have to havfcbeen recorded under 
strictly controlled conditions. To obtain the necessary conditions in an 
actual atmospheric environment Would hav.e_been very difficult, if not impossible, 
since the properties and the conditions of the air (temperature, humidity, 
velocity, turbulence, composition, etc.) in the atmosphere vary constantly in 
time and space. 
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4. DISCUSSION OF RESULtS- 


4.1 EFFECTS OF FORWARD MOTION AND OF ENGINE INSTALLATION. 

ON JET- AND CORE-NOISE 

Comparisons of individual static and flight jet- and core-noise levels 
and_normalized spectra for the DC-9-30/ JT8D-1 09 and DC-1 0-40/ JT9D-59A are 
presented in this section. The differences between static and flight spectra 
and between OASPLs are discussed in terms of the effects of forward motion and 
of engine installation. 

4.1.1 Static-to-Flight Comparisons of JT8D-109 Data 

Comparisons of static *nd flight total low-frequency noise and individual 
jet artd core nc'ise components for the JT8D-109, correlated by using primary- . 
jet velocity as the abscissa, are presented in figure 72, 73 and 74 for 
angles of 50°, 90°, and 140°, respectively. At 50° to the inlet centerline 
(fig. 72), the low-frequency noise levels measured in flight crossed over the 
corresponding static levels for jet velocities less than 200 m/sec, because 
the core-noise levels generated in flight are higher than the levels generated 
statically. The corresponding jet-noise levels generated in flight are lower 
than those generated statically. At 90° (fig. 73), flight and static core 
noise are nearly equal, but the difference between flight and static jet noise 
levels has increased relative to the difference shown in figure 72. At 140° 
(fig. 74), the measured low-frequency noise and the individual jet and core 
noise components are all lower in flight. 

In flight, core-noise levels are higher in the inlet quadrant (fig. 72). 
equal at 90° (fig. 73), and lower in the exhaust quadrant (fig. 74) than the 
corresponding static data, which suggested that convective amplification could 
be important. The differences between flight and static core OASPLs were 
therefore plotted versus inlet angle for six different jet velocities with 
approximately the same airplane velocity (V a = 76.2 + 9.0 m/sec) and compared 
with the convective amplification predicted theoretically for a moving point 
source. Specifically, the changes in noise levels caused by the relative 
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motion of a point source with respect to an observer is given by 

aOASPL c 40 log^ 0 (1 - cos e ) (1) 

where Is the airplane Mach number and o Is the angle between the Inlet 

centerline and the observer (refs. 20, 39, and 40). Figure 75 shows good 

agreement between the data and the predicted results for convective-ampl if lea- ' 

tlon of core noise. J 

Comparison of figures 15 and 24 showed no-significaht differences between 
static and flight core-noise spectral shapes. But the peak frequency appeared 
to be Doppler-shifted, as is suggested by figure 76, in which the ratio of the 
flight-to-static core peak frequencies is plotted versus inlet angle for five 
jet velocities, all with the same airplane velocity. 

To investigate the differences in jet-noise levels between flight and 
static conditions resulting from the combined effect of relative velocity 
and convective amplification (ref. 16), a velocity exponent m was calculated 
and plotted versus inlet angle for seven jet velocities (fig. 77). The ex- 
pression used to define m is given by 

m . aOASPL - 10 log 10 {1 - M a cos r 1 (2) 

10 '°S 10 (V rel'V 

The results indicated that at inlet angles less than or equal to 90° the value 
of m is approximately equal to 3.7. At inlet angles greater than 90°, m 
Increases with increasing angle. To define the separate contributions of 
relative velocity and convective amplification to jet noise will require 
further analyses. 

Figure 78 compares static and flight normalized jet-noise spectra for 
angles of 50°, 90°, and 140°. In flight, the normalized jet spectral shapes 
are broader, with higher levels for all angles than the static spectra at low 
Strouhal numbers. It is not possible to reconcile the differences by consider- 
ing Doppler effect alone. Again, to fully understand the jet spectral . 
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differences will require further analyses. 


4.1.2 Statlc-to-Fl Ight Comparisons of JT9D-59A Data 

Comparisons of static and flight total low-frequency noise and the 
individual jet and core noise components for the 0T9D-59A are presented In 
figures 79, 80, and 81 for angles of 50°, 90°, and 120°, respectively. At 
50° (fig. 79) and jet velocities above 305 m/sec (jet velocities corresponding 
to takeoff power), the flight jet-noise levels are lower than the correspond- 
ing static levels even though the core-noise levels measured in flight are 
higher. At lower jet velocities corresponding to approach power, the flight 
jet-noise and total-noise levels are higher than the corresponding static 
levels by as much as 5 dB. At 90° (fig. 80) and in flight, the core-noise 
levels are about equal and the jet-noise levels are lower. At 140° (fig. 81), 
both core- and jet-noise levels are lower in flight. However, at very low 
jet velocity (V^ p < 216 m/sec), the decrease in jet noise is considerably less 
than the decrease observed at higher jet velocities. The lessened decrease in 
jet noise at low jet velocities is attributed to low frequency noise generated 
by the impingement of the fan jet flow on the trailing flaps of the DC-10 
during approach operation. It should be noted that the primary-jet velocity 
may not be the proper criterion to use for comparing static-projected jet- 
noise levels with flyover-noise levels for high-bypass-ratio turbofan engines 
at very low power setting, where the noise from the fan jet can be more 
important than the noise from the primary jet. 

The higher core noise levels in the inlet quadrant (fig. 79), the equal 
levels at 90° , (fig. 80), and the lower levels in the exhaust quadrant (fig. 
81), show good agreement with the predicted results for convective amplificat- 
ion (fig. 82). As with the JT8D-109, there are also no significant differ- 
ences between static and flight core-noise spectral shapes. Again, the core 
peak frequencies appeared to be Doppler-shifted in flight (fig. 83). 

Figure 84 shows the correlation of the flight-effect velocity, m, versus 
inlet angle for eight jet velocities representing data from takeoff and 
approach flyover-noise runs. The negative values of m for angles less than 
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90° correspond to the approach cases. The velocity exponents for the takeoff 
data are positive for all Inlet angles and are very similar to those for the 
DC-9-30/ JT8D-1 09. The velocity exponents for the approach data- showed a 
different trend: The exponents are positive in the exhaust quadrant and are 
generally lower than the exponents In the takeoff data. It Is believed that 
another low-frequency noise source, unique to airplane configurations with 
engines under the wing such as those of the DC-10, is responsible for the 
trend observed In the velocity exponent obtained from approach data. 

Masking effect of jet-flap interaction noise. - Figure 3 shows the 
location of the engines on the DC-10-40 airplane. Two engines are mounted 
under the wings, and a third is mounted in the vertical tail 68 feet aft of 
the wing engines. During approach (see fig. 85), parts of the flaps are ex- 
tended out and deflected downward, making a flap angle between 35° and 50°. A 
small central portion of the flap was left unchanged, to allow the hot jet 
exhaust from the primary nozzle of the engine under the wing to pass through. 
It Is believed that the bigger diameter of the fan jet exhaust caused the flow 
to impinge on part of the deflected flaps and generated a low-frequency noise 
(jet-flap-interaction noise). To investigate that effect, flyover noise from 
a DC-10-10 airplane powered by General Electric CF6-6D engines was analyzed 
for conditions where the airplane was flown at constant airspeed and power 
setting but with different flap-deflection angles. 

Figure 86 shows a comparison of the flyover-noise levels for the airplane 
flown at low power settings with the same airspeed but with different flap- 
deflection angles (0° and 15°). At all inlet angles there are no significant 
differences in low-frequency noise between the two Sets of flyover noise. At 
a higher power setting there are significant increases in the low-frequency 
(50 to 250 Hz) region of the spectrum for flap deflections greater than 30°. 

The increase in low-frequency noise is maximum at inlet angles from 50° to 60°, 
smaller at 90°, and zero for angles greater than 120° (fig. 87). Those 
results indicated that for the DC-10 airplane with engines under the wing and 
with flap deflection greater than 30°, the interaction of the fan jet with the 
flap increases the levels of the low-frequency part of the spectrum by as much 
as 5 dB. 
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Jet-flap-lnteractlon noise has peak frequencies and spectral shapes very 
similar to those of jet noise, and It Is difficult to distinguish between 
their spectra. But since jet-flap Interaction noise has a frequency range 
between 50 and 250 Hz, It does not affect the separation of core noise levels 
and spectra from the measured low-frequency noise at power setting correspond- 
ing to the approach flight conditions. 

On the basis of those results, it was concluded that at high jet veloci- 
ties and small flap deflection corresponding to takeoff conditions the jet 
noise Uvels were not affected by jet-flap-interaction noise. At low jet 
velocities and large flap deflections corresponding to approach conditions, 
the core-noise levels were not affected, but the corresponding jet-noise 
levels were contaminated by jet-flap-interaction noise. 

4.1.3 Comparison With Proposes ANOPP Method 

The Individual jet- and core-noise components separated from DC-9-30/ 
0T8D-109 and DC-1 0-40/ JT9D-59A static-engine and flyover noise provide an ex- 
cellent data base for comparing, on a noise-source, basis, the prediction of 
jet- and core-noise flight effects calculated by the proposed ANOPP method 
(ref. 20). As are shown in figures 75 and 82, the DC-9-30/ JT8D-1 09 and the 
DC-1 0-40/ JT9D-59A data agreed quite well with the -40 log^ Q (1 - M g cos o) 
expression given for the effect of convective amplification on core-noise 
levels in flight. The same expression is used in reference 20 to correct core- 
noise levels for convective amplification. Comparison of the predicted and 
the measured spectral shapes of core noise (fig. 88) shows that the ANOPP core 
spectral shape is more broad than those derived for the DC-9-30/JT8D-109 and 
the DC-1 0-40/ JT9D-59A. Also, as shown in figures 76 and 83, the core-noise 
peak frequencies for those data appeared to be Doppler-shifted in flight, as 
the ANOPP method predicts. 

Figures 89 and 90 compare the predicted and the measured jet-noise re- 
ductions due to the combined effects of relative velocity and convective 
amplification for the DC-9-30/JT8D-109 and the DC-10-40/JT9D-59A, respectively. 
The figures show good agreement between measured and predicted noise reduct- 
ions for angles up to and including 130°. For angles greater than 130", the 
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predicted noise reductions were consistently less than the measured values. 
Predicted and the measured -spectral shapes for the jet-noise component for the 
DC-9-30/ JT8D-1 09 and DC-1 0-40/ JT9D-59A In flight are shown In figures 91 and 
92, respectively. Comparisons of the jet-noise spectral shapes for angles of 
50° to 120° show that the predicted levels for both DC-9-30/ JT8D-1 09 and 
DC-10-40/JT9D-59A are lower at the high Strouhal numbers and higher at the 
low Strouhal numbers than the corresponding spectra predicted by the ANQPP 
method. At the peak Strouhal number, the predicted levels show good agreement. 

4.2 EFFECTS OF FORWARD MOTION, PROPAGATION, AND ENGINE 
INSTALLATION ON TURBOMACHINERY NOISE 

4.2.1 Engine-Installation and Propagation Effects 

To identify the effects of forward motion on fan and turbine noise 
sources, the static-projected data In figures 41, 43, and 46 were first ad- 
justed on a source basis for the effects of engine installation. Figure 93 
shows comparisons of DC-9-30 flyover noise levels and JT8D-109 static-pro- 
jected noise levels at approach power, corrected for wing shielding at an 
angle of 30° (fig. 93a) and for sound scattering in the wing-flap-wheel wake 
at 90° and 120° (figs. 93b and c), respectively. In addition, DC-9-30 non- 
propulslve noise levels, which affects the static spectra primarily below 
blade passing frequency were included. Although the agreement between the 
spectra was improved, applications of the barrier and of the sound-scattering 
theories did not entirely account for the static-to-flight differences. The 
remaining high-frequency differences could be due. to conservative modeling 
techniques in the application of those theories, but it was thought that the 
remaining high-frequency differences were due to the effects of excess attenu- 
ation in the atmosphere. 

Figure 94 shows JT8D-109 static-noise levels at approach power corrected 
for engine installation and for excess attenuation in the atmosphere (sect. 
3.4.2) and compared with DC-9-30 flyover-noise levels. The data show that 
excess attenuation adequately accounts for the remaining high-frequency 
differences shown in figure 93. As a result, it can be seen that the static- 
to-flight differences for the DC-9-30/ JT8D-1 09 airplane configuration are 
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due. primarily to Installation and propagation effects, as opposed to tho 
effects of forward motion on turbomachlnery-nolso generation. 

Figures 95 and 96 show DC-10-10 and DC-10-40 flyover spectra compared 
with CF6-6D and JT9D-59A static-projected spectra, respectively, at approach 
power settings, corrected for relative engine location, fuselage shielding, 
jet-exhaust-sound scattering, and nonpropul slve noise. In the Inlet quadrant 
(fig. 95a) and at overhead angles (fig. 95b) the engine-installation effects 
reduce the CF6-6D static-projected levels and improve the statlc-to-fl Ight 
agreement by a small amount for frequencies at and above blade-passing 
frequency. In the aft quadrant (fig. 95c), the corrections increase the 
static-to-f light differences. For frequencies below blade passing, the 
Inclusion of DC-10-10 nonpropulslve noise levels improves the agreement at 
the inlet and the overhead angles. Figure 96 shows similar results for the 
0T9D-59A static-projected levels corrected for engine installation. Although 
the agreement between static and flyover noise levels was improved by incor- 
porating installation effects in the CF6-6D and JT9D-59A static-engine noise 
levels, significant differences remain at frequencies equal to aid greater 
than blade passage frequency. 

In section 3.4.2 it was shown that when noise data are projected over 
large differences in acoustic range, significant high-frequency differences 
due to excess attenuation in the atmosphere are found. Figure 97 shows a 
comparison of CF6-6D static-projected noise levels corrected for excess 
attenuation and compared with DC-10-10 flyover noise levels. In the inlet 
quadrant (fig. 97a), the static-to-fl ight agreement is improved for frequen- 
cies equal to and higher than blade passing. At overhead (fig. 97b), and in 
the aft quadrant (fig. 97c), the correction for excess attenuation improved 
the agreement above 6300 Hz, where the static-projected levels were higher 
At the frequencies where fan harmonics and turbine tones occur in the same 
1 /3-octave band, the agreement was not improved. Figure 98(a) shows similar 
results in the inlet quadrant for the JT9D-59A static-projected levels correct- 
ed for excess attenuation and compared with DC-10-40 flyover-noise levels. At 
overhead (fig. 98b), and in the aft quadrant (fig. 98c), where the flight- 
noise levels were higher than the static-projected levels, less agreement was 
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obtained for all frequencies above blade passing. Although the statlc-to- 
fllght agreement was Improved* significant high-frequency differences remain 
In the levels of the fan fundamental tone and In the Increased flight levels 
at the frequency bands containing both fan harmonics and turbine tones. 

To determine the source characteristics at those frequencies, narrowband 
data were analyzed. Inlet and fan discharge duct measurements with flush- 
mounted Kullte microphones (ref. 9 and fig. 58) have shown that In flight the 
levels of the fan fundamental are lower below cutoff and approximately equal 
above cutoff, but that the levels of the fan harmonics and of broadband noise 
remained essentially unchanged. As a result, It was thought that the mecha- 
nisms of noise generation for the fan fundamental tone during forward motion 
are different from those under static conditions. In addition, the high- 
frequency differences at overhead and at aft quadrant angles are the result 
of forward-motion effects on the propagation of turbine noise and not on fan 
noise (sect. 4.2.4). 

4.2.2 Effects of Forward Motion 

4, 2. 2.1 Convective amplification . - In order to investigate the effects of 
forward motion on the dynamic, or convective amplification (refs. 39 and 41) 
of turbomachinery-noise sources, static-to-fl ight differences in the fan- 
broadband noise levels at the blade passing frequency of the fan were plotted 
as functions of inlet angle in figure 99 for the DC-1 0-40/ JT9D-59A and DC-1 0- 
10/CF6-6D. The fan broadband levels derived in section 3. 2. 5. 2, were used 
rather than discrete tone levels, because (1) the effect of convection on tone 
levels is masked by differences between static and flyover noise generation and 
(2) narrowband data measured in the inlet duct (ref. 9 and fig. 58 ) show that 
the broadband noise levels remain essentially constant with forward motion. 

For flight Mach numbers equal to 0.282 and 0.296, which are typical for high- 
approach or takeoff flight speeds, the data follow the predicted effects for 
the motion of a point source discussed for core noise in section 4.1.1. For 
low flight speeds (M = 0.227 and 0.220) the trends are similar in the inlet 
quadrant, but, in the aft quadrant the flyover and static levels are nearly 
equal for the peak-aft noise angles. In the aft quadrant, the Increased 
flight levels relative to the predicted convection effects are similar to the 
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trends noted earlier In section 4,2.1 for the high frequency spectra. As a 
result, the discrepancies at the fan-blade pcsslng could ho due to Increased 
turbine-broadband levels generated In flight at the low power settings. 

The 40 log relationship, discussed above, was assumed to hold for all fan 
speeds for both fan and turbine noise sources. Correcting the JT8D-109 static- 
projected spectra (fig. 94) for convection will Improve the statlc-to-f light 
agreement as shown in figure 100. Correcting the static -projected spectra in 
figures 97 and 98 for the CF6-6D and JT9D-59A, respectively, will not, however, 
account for the remaining differences which were assumed to be due to forward 
motion effects on source noise generation. 

4. 2.2. 2 Noise generation . - In the following discussions, the effects of fan- 
noise generation and of the interaction of the fan harmonics and turbine tones 
will be presented. As a result of trends noted In narrowband spectra (fig. 

58), the effects of fan-noise generation will be restricted to the blade- 
passing-frdquency tone. 

The Increased level of the fan fundamental tone under static conditions 
was assumed to be due to differences between the mechanisms of noise genera- 
tion In static and in flight environments. Specifically, under static con- 
ditions, there is sufficient Inflow distortion to cause the generation of a 
strong blade-passing-frequency tone (rotor-turbulence interaction) for 
approach power settings (refs. 42 through 44). The absence or the reduced 
level of the fan fundamental tone during forward motion Indicates that the 
inlet flow is sufficiently clean and free of disturbances to enable the cut- 
off conditions for which the CF6-6D and JT9D-59A engines were designed to be 
realized at pproach power settings. Since it is a difficult task to predict 
the theoretical change in tone levels due to inflow distortion, an empirical 
approach was used. 

The empirical approach required determination of the strength and the 
directivity characteristics of the fan fundamental tone from the static and 
flight spectra. The broadband levels at the blade-passing freguency derived 
in section 3. 2. 5. 2 were therefore used to define the strength of the fan 
fundamental tone in terms of the relative level of the total fan noise to the 
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fan broadband noise (I.e,, a comparison similar to a slgnal-to-nolse compari- 
son) at the blade-passing frequency. The rolatlve levels wore obtained for a 
wide range of angles and power sotting; they are shown In figures 101 and 102 
for the DC"1Q»1Q/CF6"6D and 0C-1 0-40/ JT9 0-B9A airplanes, respectively, The 
data show the Increased level of the static tone relative to the flight tone 
and the corresponding broad directivity pattern at all fan speeds. At super" 
sonic tip speeds (iy/o i 3063 RPM for the Ci 6-60 and ly/o - 3212 RPM for 
the JT9D-59A), the flyover data show a lobed directivity pattern, In contrast 
to a relatively broad shape for subsonic tip speeds. At higher tip speeds, 
static and flight directivity collapse In good agreement. 

4.2.3 Interpretation of Statlc-to-Fl Ight Differences 


4. 2. 3.1 Spinning-mode theory . - Interpretation of the differences between the 
static levels and the flight levels of the fan fundamental tone requires iden- 
tification of the three sources of noise at blade-passing frequency - the 
rotor-alone sound field, the rotor-stator-interaction sound field, and the 
sound field generated by the Interaction of the fan rotor with unsteady or 
distorted Inflow. Tyler-Sofrln theory (ref. 45) pointed out the cutoff 
phenomena associated with the spinning modes of rotor-alone and rotor-stator- 
interaction noise. At the blade-passing frequency of the fan fundamental for 
a rotor with B blades and V stator vanes, a criterion was established for 
determining whether the spinning mode pattern of order m would propagate or 
decay In a cylindrical hardwalled duct with uniform axial flow. The criterion 
was given by the cutoff ratio as 

M 

( 3 ) 

m x 


The tip Mach number of the patterns Is given by 

BM t 

\ = B“TkV 


(4) 


Those equations apply for the first radial mode for a spinning nrde of order 
m, given by the denominator of equation (4). Propagation of the pattern 
occurs if t Is greater than unity; decay occurs If / Is less than unity. 
For propagating modes, it was shown that the spinning-mode pattern traverses 
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the duct In a spiral angle of propagation expressed as a function of the dr 
cumforentlal Mach number of the pattern, 


Hemic* and Lordl (rof. 46) have shown that the far-flold directivity 
pattorn of tho duct acoustic modes can bo prodlctod by using simple cylln- 
drlcal duct theory. Thoy showed that tho location of tho principal lobo from 
an m-ordor spinning modo can bo approximated by tho spiral anqlo, , . , lt which 
tho pattern propagatos in tho duct. As a result, propagating modos l 'wHh cut- 
oft ratios much greater than unity will propagate at angles of slight 1 „r 1 1 - 
nation to tho Inlot contorllno and modus with / = 1 will propagate at right 
angles to the Inlet contorllno. If tho Inlet flow Is sufficiently clear and 
tree of distortion. It should be possible to Identify tho modes generated by 
rotor-alone noise and by rotor-stator-lnteractlon noise by comparing ealeu- 
lated and measured directivity. 


~ JfjQjd.s of rotOr-alon e and rotor-stator Interaction . - Figure 
103 shows the cutoff ratios for toe first three fan harmonics of the rotor- 
stator Interaction (rotor wake Interaction with bypass-outlet guide vanes) 
and the first two fan harmonics of the rotor-alone as functions of fan rotor 
speed for the CF6-6D engine. Tyler-Sofrln theory was used to generate the 
data, for which a hardwall cylindrical duct with uniform axial flow (refs. 45 
and 47) was assumed. The effects of inlet length, inlet contour, and acoustic 
treatment were not Included In the analysis. The cutoff ratios were calcu- 
lated for the first propagating spinning mode and for the first radial mode. 
The figure shows that the fan fundamental tone due to rotor-stator interaction 
(m —42) is above cutoff for fan rotor speeds greater than 31 90 RPM. The fan 
fundamental tone due to the rotor-alone sound field (m = 38) Is above cutoff 
for fan speeds greater than 2900 RPM. At approach power settings, the fan 
fundamental tone due to rotor-alone or rotor-stator Interaction should there- 
fore decay. Similar results were obtained for the cutoff ratios for JT9D-59A 
rotor alone (m = 46) and for rotor-stator Interaction (m =-50) at the fan- 
blade-passing frequency above fan speeds of 2800 and 3100 RPM, respectively. 

The static-to-flight comparisons In figures 101 and 102 can now be inter- 
preted In terms of the modal constituents in the radiated sound field, figure 
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101 shows that for fan spends above a cutoff ratio of unity (N.//,, - 3063 ) 
the directivity of the DC-1 CM Q flight data shows distinct lobes at annles of 
above 50“ and 80“ to the Inlet centerline. At the higher corrected fan speed 
of 3384 RPM, the fllqht data again show lobes at angler, of 50“ and 80“ and a 
broad aft lobe around 120“. According to the approximations In reference 45. 
the first three radial modes above cutoff for an m ^ 38 rotor-alone spinning 
mode should propagate at angles of 50“, 51“, and 78“ to the Inlet, respective* 
ly. At 3384 RPM, the llrst four radial modes should propagate at angles of 
42", 52“ , 53", and 76", respectively, and the first two radial modes for the 
rotor-stator Interaction mode (in - -42) should propagate at angles of 121“ 
and 108 , respectively. According to Tyler-5otrin theory the m - -42 rotor- 
stator Interaction mode spins In a direction opposite to that of the fan 
rotor (contra-rotating). As the contra-rotating mode propagates forward, it 
Is significantly attenuated as a result of blade-row transmission loss, and 
the mode therefore propagates to the far field only from the fan discharge 
ducts. Recause 10° intervals were used to reduce the flyover noise data, the 
individual radial modes are not clearly distinguishable. In spite of that, 
the flyover directivity pattern for fan speeds above cutoff is in good agree- 
ment with the predicted directivity for the principal spinning modes of rotor 
alone and rotor-stator Interaction. The corresponding broad directivity 
pattern for the static-projected levels can now be interpreted as the result 
of a large number of modes propagating out of the duct associated with the 
interaction of the rotor and inflow distortion. The strength of the rotor- 
distortion tone relative to the broadband noise is essentially constant with 
increasing fan speed and approximately equal to the flight levels above cut- 
off at the locations of the principal propagating modes. 

Figure 102 shows similar results for the DC-10-40 flyover and JT9D-59A 
static-engine noise levels. Tyler-Sofrin theory predicts the propagation of 
an m = 46 rotor-alone spinning mode and the propagation of an m =-50 spinning 
mode due to rotor-stator interaction at the corrected fan-rotor speeds of 3212 
and 3364 RPM. The approximations in reference 46 indicate that at a corrected 
fan speed of 3212 RPM the first three radial modes of the m = 46 spinning mode 
should propagate at angles of 55°, 66°, and 77°, respectively, relative to 
the inlet centerline. At 3364 RPM, the first five radial modes are above 
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cutoff and propagate at angles of approximately 30°, 41°, 52°, 63°, and 69° 
respectively. In addition, the m * -50 rotor-stator Interaction mode should 
propagate out the. fan discharge ducts at angles of 105° and 120° for the first 
two radial s at 3212 RPM and 1.04°, 115°, and 124° fo'* the first three radial s 
at 3364 RPM. Again, the predicted and measured flyover directivity are In 
good agreement. 

Figure 1j04 shows the measured flyover directivity for the DC-9-30 at 
approach power In comparison with the measured JT8D-109 static directivity for 
the fan fundamental tone. Tyler-Sofrln. theory and reference 46 were again 
used to predict the principal lobe locations for the cuton rotor-IfiV (inlet 
guide vane) Interactions m = 11 and. -12, which propagate at angles of small 
inclination to the Inlet centerline out of the inlet and fan discharge ducts, 
respectively. 

For fan speeds below Cutoff, references 45 and. 46 show that the lobed 
directivity patterns should be replaced by a broad directivity pattern and 
that the blade-passing-frequency tone should not propagate. Wind-tunnel 
testing of various engines (refs. 13 and 48) has demonstrated that for cutoff 
fan speeds the 1 /3-octave band containing the blade-passing-frequency tone is 
predominantly broadband noise. But figures 101 and 102 show that the flyover 
directivity patterns show tones propagating in the inlet quadrant at cutoff 
fan speeds. Figure 101 shows that the DC-10-10 flyover noise has increasing 
tone strength in a broad directivity pattern for increasing fan speeds up to 
the cutoff point, where the lobed directivity pattern discussed previously 
dominates at 3063 RPM. The tone levels in the far field below cutoff appear 
to be essentially the result of inlet radiated noise. In comparison, the 
static levels are correspondingly broad in directivity and of increased magni- 
tude at all angles. The broad static directivity is indicative of rotor- 
turbulence interaction, which results in increased static levels of the fan 
fundamental tone. Figure 102 Shows similar results for the DC-10-40 flyover 
and the JT9D-59A static noise levels. For fan speeds below cutoff, the flight 
data show that the relative levels of the propagatlhg tones are nearly 
constant with increasing fan speed. The levels appear again to be the result 
of inlet-radiated noise. 
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There are several possible explanations suggested for the absence of 
complete tone cutoff In engines so designed. Reference 49 has shown that 
Inlet obstructions such as a protruding temperature probe can disturb the 
steady Inlet flow, resulting In a mechanism of noise generation by Induced 
periodic lift fluctuations on the fan-rotor blades.. The mechanism produces a 
rotor-distortion tone at the blade-passing frequency. The characteristics of 
the rotor-distortion tone can be modeled by the Interaction of the rotor with 
the wake from a single-upstream stator vane, which, according to Tfler-Sofrln 
theory (ref. 46), results 1n_a large number of propagating modes at the a e- 
passlng frequency. Like rotor-tucbulence Interaction under static conditions, 
the multiple propagating modes are characterized by a broad directivity 
pattern In the -far field. In addition, the Interaction of the rotor wakes 
with the core-stator vanes could be cut-on and could dominate the fan sound 
field when the rotor-OD OGV (outer-diameter-outlet guide vane) interaction was 
cutoff. Reference 8 has also suggested that boundary-layer noise could con- 
tribute significantly below cutoff to the rotor sound field. 


The propagating sound fields for the 0C-10-40/JT90-59A and DC-1 0-1 0/CF6-6D 
were further examined. In an attempt to find out If the noise mechanisms cou 
be contributing to the fan levels below cutoff. The core-stator stage for the 
JT9D-69A engine had the same number of blades as the outlet-bypass gui e vanes, 
which, according to reference 45, results In a cutoff rotor-stator interaction 
mode at the lower fan speeds being considered. The 0T9D-59A Inlet does have 
an inlet temperature probe several rotor chords upstream of the fan-rotor face. 
It was therefore suggested that the rotor-probe Interaction could be respon- 
sible for the cutoff tone strength at the blade-passing frequency for the 
Dc-1 O-4O/0T9D-59A fan-inlet levels (flg.102). But the CF6-6D inlet was free 
of inlet obstructions, and the rotor/core-stator Interaction was also pre- 
dicted to be cutoff. Mind-tunnel tests of scale-model fans at cut ° tf 
speeds (refs. 13 and 48) have shown complete absence of tones at the b ade- 
passing frequency, which would tend to eliminate the boundary-layer noise as 
a principal source below cutoff. Since the directivity of flyover 1 eve s 
below cutoff Is similar to that of the static levels (fig. 101). the flyove - 
tone levels In the Inlet quadrant were attributed to residual Inflow 
turbulence In the flight environment. The phenomenon of complete tone cutoff 
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In wind-tunnel tests may be the result of levels of turbulence In the test 
sec; ion too low to simulate the actual flight environment. The effects of 
Inflow turbulence on the DC-1 0-40/ JT9D-59A flight levels may be masked by the 
more efficient rotor-probe noise mechanisms. One consequence is that the use 
of wind-tunnel testing without regard to in-flight turbulence levels may 
underpredict the flight levels at the fan-fundamental -tone frequency. 

4. 2. 3. 3 Fan-fundamental tone correction. - The procedures used to correct the 
Statlc-to-flight differences at the blade passing frequency of the fan funda- 
mental tone for the effects of noise generation are described below. The 
corrections account for the static-to-f light differences as functions of 
directivity angle, fan-rotor-tip Mach number, and circumferential mode number, 
m^ As a first step, the broadband noise contribution to the relative levels 
of figures 101 and 102 was removed, to yield the absolute tone levels as 
functions of fanr.rotor-tip Mach number. For fan speeds below cutoff an 
average level of the static and flyover fan-fundamentaJ tones was obtained in 
inlet and. aft quadrants-. Above cutoff, the lobes in the flyover directivity 
pattern were removed, temporarily, to give a broad directivity pattern from 
which an average inlet and aft-quadrant tone level could be derived and 
compared with the average levels derived from the static directivity. The 
increased flight levels at the principal lobe locations were accounted for by 
a directivity correction described later. The modified directivity above cut- 
off allows an average inlet and aft quadrant tone level to be derived. Figure 
105(a) Shows the effect of fan-rotor tip Mach number on the level of the fan 
fundamental tone in flight and the turbulence-generated tone under static con- 
ditions for the DC-1 0-1 0/CF6-6D airplane. At the fan speeds examined the levels 
of the statically generated tone were uniformly higher than the correspondit.q 
flight levels. Again, above cutoff the static-to-flight differences reflect 
average differences without the contribution from propagating duct acoustic 
modes. In the inlet quadrant, the levels increase with tip Mach number until 
sonic tip speeds exist where the levels decrease with increasing tip Mach number. 

In the exhaust quadrnat, the static levels are higher than the flight and increase 
with tip Mach number except that above cutoff the levels continue to increase 
with tip Mach number. Similar results for the inlet and exhaust quadrants are 
shown in figure 105(b) for the DC-10-40/JT9D-59A. The inlet static levels are 
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again higher than th6 flight levels for subsonic tip speeds and are equal to 
the flight levels for supersonic tip speeds. In the aft quadrant, however, 
the absolute levels for supersonic tip speeds decrease, In contrast to the 
trends for the DC-1 0-1 0/CF6-6D (fig, 105(a)). 

The static and flight levels shown In figure 105 were used to determine 
the Statlc-to-fl Ight correction shown in figure 106. Figure 106(a) show s_ 
that In the Inlet quadrant the stattc-to-f light differences for the DC-10 air- 
planes are consistent. The figure shows that the relative levels for the 
DC-10-1.0/CF6-6D and DC-1 0-40/ JT9D-59A are consistent and decrease uniformly 
with Increasing tip Mach number. In the exhaust quadrant (fig. 106(b)), 
the relative levels are again consistent, remaining c. *tant until approxi- 
mately sonic tip speeds, where the relative levels oecrease uniformly with 
Increasing tip speeds. To correct for forward motion, the static levels of 
the fan fundamental tone were therefore reduced In the Inlet quadrant by the 
levels In figure 106(a) for angles up to 70° and In the aft quadrant by the 
levels In figure 106(b) for angles greater than 100°. For overhead angles, 
art average of the two curves was used. To account for the shape of the flight 
directivity, the approximations in reference 46 were used to determine the 
angles of principal-lobe location. At those angles, the static and flight 
levels are approximately equal (figs. 101 and 102). The correction methods 
were therefore not applied for the angles of propagating modes. With the 
directivity and the level correction, the static levels can be corrected at 
all angles and power settings to approximate the measured flight levels. 

The results of including the corrections to those of fan fundamental tone 
for noise-generation effects and for convective amplification, with the 
connections for engine installation and propagation, are shown In figures 107 
and 103 for the DC-1 0-1 0/CF6-6D and DC-10-40/JT9D-59A, respectively. Figure 
107(a) shows that significant Improvement Is achieved by correcting the 
CF6-6D-static tone levels at the blade-passing frequency for noise-generation 
effects. Figure 107(a) shows that below blade passing frequency. Inclusion 
of the efrects of convective amplification improves the static-to-fl Ight 
agreement. In the aft quadrant (fig. 107(c)) there is better agreement for 
frequencies greater than 5000 Hz, but at the blade passing frequencies of the 
turbine and fan harmonics there are less agreement. Similarly, figure 108 
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shows that inclusion of the effects of noise generation on the Wade-passing 
frequency tone Improves the JT9D-59A statlc-to-fi ight agreement. In the inlet 
quadrant (fig. 108(a)), the Inclusion of convection effects Improves the 
agreement at the broadband frequencies between the fan first and second harmo- 
nics and at the high frequencies above 6300 Hz. in the aft quadrant (fig. 
108(c)), there is less agreement seen at all frequencies except at the blade- 
passing frequency. 

Figures 109 and 110 show that, in general, the remaining differences are 
the. higher static levels in the inlet quadrant and the lower static levels in 
the aft quadrant at approach power settings. At takeoff power settings, the 
DC-10-1 0/CF6-6D comparisons show higher static levels in the inlet quadrant, 
except at 50° from the Inlet, with otherwise good agreement. The DC-10-40/ 
JT9D-59A comparisons show higher static levels in both inlet and aft quadrants. 
In figure 107, the higher CF6-6D static levels in the inlet quadrant are due 
to differences at frequencies greater than 3150 Hz. The static-to-flight 
differences in the aft quadrant are due to the reduced static levels at the 
fan-harmonics/turbine-blade-passing frequencies. In figure 108 the agreement 
is relatively good in the inlet quadrant,, but less agreement is found at the 
fan-harmonic/turbine-blade-passing frequencies. Figure 111 shows that at 
takeoff power the static-to-flight differences for the DC-1 0-1 0/CF6-6D are 
due to the propagation of MPT noise in flight and the higher static levels 
above 2500 Hz. Figure 112 shows that for the DC-1 0-40/ JT9D-59A the propa- 
gation of MPT noise is not a factor and that the static-to-flight differences 
are due to the higher static levels for the fan harmonics. 

The corrections to the fan fundamental tone for forward motion effects 
were not applied to the JT8D-109 fan levels as comparisons of far field data 
did not exhibit appreciable differences at the blade passing frequency after 
inclusion of engine installation, propagation and convection effects. Figure 
113 shows that the remaining static-to-flight differences In PNLT are 
negligible in comparison to those for the DC-1 0-1 0/CF6-6D and DC-10-40/ 
JT9D-59A. 
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4.2.4 High-Frequency Spectral Differences 

In summary, the prominent statlc-to-fliqht differences In turt.machlnery 
noise levels are at takeoff power, where, In flight, MPTs propagate out the 
Inlet at frequencies below blade passing, and at approach power, where turbine 
and fan discrete tones occur In the same 1/3-octave band. To account for the 
propagation of MPTs In flight, more work will be required to account for the 
effects of Inlet contour on the Inlet wall velocities during static and flight 
operation. At approach power settings, the flight levels were hlnher than 
those measured statically at the fart/turbine-blade-passing freque, -ies. To 
account for the differences, the static and flight source characteristics had 
to be examined. 

In section 4. 2. 2.1, the predicted effects of convective amplification 
were found to differ from the measured data in the af.t quadrant at approach 
power settings. Figure 114 shows typical comparisons of noise data from 
Kulite (flush-mounted) microphones in the CF6-6D fan-discharge ducts during 
static and flyover operation. The levels of the fan harmonics and broadband 
noise remain essentially unchanged. Figure 51 compared the turbine noise 
suppression during static and flight operation measured with and without an 
acoustically treated turbine reverser installed in the CF6-6D. More noise 
reduction was measured in flight, which suggests that turbine noise increases 
during forward motion (figs. 107 and 108). 

To investigate the differences furthe**, the directivity of the tone 
levels at the 1/3-octave bands containing both fan and turbine noise were 
examined in a manner similar to that described in section 4. 2. 2. 2. Figure 115 
presents a comparison of DC-10-10 flyover and CF6-6D static-corrected levels 
and directivity for the 1/3-octave band containing the fan second harmonic, 
which is also shared by one or more turbine tones. At takeoff power settings 
the relative tone strengths are equal. At approach power settings, however, 
the flight data are higher at overhead and aft quadrant angles. The static 
and the flyover directivities appear to cross. The effects of source genera- 
tion or inflow turbulence would tend to make the static levels higher, which 
is contrary to the aft-quadrant results. In addition, since the fan harmonics 
are well cuton, the rotor-stator- interaction modes should propagate at angles 
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of shallow Inclination to the Inlet centerline, which suggests that modal 
constituents are not the cause of the observed differences. Similar results 
are shown In figure 116 for the DC-1 0-40/ JT9D-59A at the third harmonic 
frequency. 

It was thought that a scattering phenomenon similar to that described In 
reference 29, occurring In the CF6-6D and JT9D-59A fan ambient shear layers 
was responsible for the apparent attenuation of turbine noise in the aft 
quadrant under static conditions. It has been shown that the fan ambient 
shear layer is thicker statically than the flight shear layer (fig. 52). The 
application of the effects of jet-exhaust sound scattering to the levels 
described in section 4.2.1 did not, however, account for the static-to-flight 
differences. As a result, it was suggested that the turbine levels, spectra, 
and directivities, which were derived from static data, are Insufficient and 
that more work would be required to define the static levels and the effects 
of forward motion on turbine-noise propagation. 
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5. STATIC-TO-FUGHT CORRECTION 

The use of static engine noise data to predict airplane/ engine flyover 
noise requires the separation of the total measured levels into the principal 

noise sources which Include: 

1 . Jet Noise 

2. Core Noise 

3. Fan Inlet Noise 

4. Fan Exhaust Noise 

5. Turbine Noise 

Based on the desired flight path profile, each engine noise-source levels 
must be extrapolated to the far field using the engine directivity angle and 
acoustic range unique to each engine on the airplane. The source levels are 
then corcected for spherical divergence and atmospheric absorption using 


standard techniques. 

In addition, each engine noise source must be corrected for the effects 
of engine Installation, atmospheric propagation, and forward motion. 


JET NOISE - Excess Attenuation 

Relative Velocity Exponent 


m (or ANOPP method) 


CORE NOISE 
FAN INLET 


Excess Attenuation 
Doppler Shift 
Convective Amplification 

Wing/ Flap Shielding 

Wing/ Flap/Wheel Wake Sound Scattering 

Fuselage Shielding 

Inlet Contour 

Excess Attenuation 

Doppler Shift 

Convective Amplification 

Noise Generation - Rotor - Turbulence Interaction 


FAN EXHAUST - Wing/Flap/Wheel Sound Scattering 
Excess Attenuation 
Doppler Shift 
Convective Amplification 
Noise Generation 

TURBINE - Wing/Flap/Wheel Wake Sound Scattering 
Jet Exhaust Sound Scattering 
Excess Attenuation 
Doppler Shift 
Convective Amplification 

In addition, sources of airframe or nonpropul sive noise and jet/flap 
interaction noise must be Included in the flyover noise prediction. 
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6, CONCLUSIONS 

The effects of forward motion on airplane-engine noise were Investigated 
by comparing separated engine-noise sources from static-engine and flyover 
noise data for DC-9-30/JT8D-109, DC-10-1Q/CF6-6D, and DC-1 0-40/ JT9D-59A 
airplane configurations. The results are summarized below. 

1. Static-engine data should be adjusted, on a noise source basis, for 
the effects of forward motion, engine Installation, and propagation and then 
projected to flight conditions, for each engine as functions of source path- 
angle, directivity angle, and acoustic range relative to the ground microphone. 

2. The effect of convective amplification on core-noise and turbo- 
machinery noise levels caused by the motion of the engines with respect to an 
observer agreed with the theoretical relationship, -40 log (1 - M a cos o), 
derived for a moving point source. 

3. The shift in core noise peak frequency agreed with Doppler shift 
effects, (1 - M, cos e). 

a 

4. At all angles of inclination from the inlet centerline, the levels 
of jet noise generated in flight were lower than those generated statically. 
The largest differences occurred in the exhaust quadrant. The lower levels 
measured in flight are due to the combined effects of relative velocity and 
convective amplification. Further analyses and tests are required to 
determine the separate contributions of those effects on jet noise. 

5. In flight, the normalized jet spectral shapes were broader, with 
higher levels at low Strouhal numbers than those of the static spectra. Those 
spectral differences had been observed at all angles. It was not possible to 
reconcile the differences by considering Doppler effect alone and to under- 
stand them will require further analyses. 

6. For the DC-10 airplane with engines under the wing and flaps with 
flap deflection greater than 30°, the jet-flap-interaction noise generated by 
the impingement of the fan- jet exhaust on the deflected flaps, was responsible 
for higher low-frequency noise levels in flight during approach conditions. 
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In the Inlet, the effect can be as much as 5 dB. It was significantly 
less for the exhaust. 

7. The differences between static and flight jet noise levels were 
correlated In terms of a relative velocity exponent as a function of dlrec- 
tlvlty angle. The corresponding exponents for the DC-9-3Q/JT8D-1Q9 and the 
DC-1 0-40/ JT9D-59A followed similar curves. 

8. Comparisons of measured and ANOPP-predlcted jet noise reductions for 
the DC-9-30/ JT8D-1 09 showed good agreement for angles of 40 degrees to 130 
degrees. The predicted jet noise and core noise spectral shapes show good 
agreement at the peak frequencies for both the DC-9-30/ JT8D-1 09 and DC-10-40/ 
JT9D-59A. At the higher frequencies ANOPP overpredicts both DC-9-30/ JT8D-1 09 
and DC-1 0-40/ JT9D-59A levels. At the lower frequencies ANOPP overpredicts 
DC-9 levels and underpredicts the DC-10 levels. The jet noise reductions 
predicted by ANOPP for the DC-1 0-40/ JT9D-S9A are in good agreement with those 
measured at higher jet exit velocities, however, the levels at the low to 
mid velocities are overprddlcted. 

9. The static-to-fl ight differences (the differences between static- 
projected and flyover-noise levels) for the DC-9-30/ JT8D-1 09 airplanes were 
found to be due to wing shielding, wake sound scattering, and convective 
ampl iflcatlon. 

10. For approach power settings the effects of engine location and of 
fuselage shielding on DC-10 flyover noise are canceled by the effects of con- 
vective amplification. The improved agreement in the mid-frequency range Is 
obtained by Including DC-10 nonpropul slve noise in the static-projected noise 
levels. 


11. The high-frequency static-to-fl ight differences were shown to be 
smaller if excess attenuation In the atmosphere was taken into account. 
Further analyses are required to more accurately determine the absorption 
coefficients as functions of altitude and frequency. 

12. Acoustic measurements with far-field microphones indicate that the 
static-to-fl ight differences in fan noise are due primarily to differences in 
noise generation at the fan-blade-passinq frequency. Static data are 
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characterized by a broad directivity pattern with Increased levels due to 
Inflow distortion that must be corrected to the lobed directivity In flight, 
which Is due to the propagation of spinning and radial inodes for rotor-alone 
and rotor-stator interaction tones above cutoff. 

13. The presence of propagating fan tones In flyover-noise measurements 
at cutoff fan speeds was attributed to residual Inflow distortion during 
forward motion. Further analysis will be required to isolate the particular 
noise mechanisms that generate the blade-passing-frequency tone. 

14. More work will be required to define the effects of inlet contour 
on the propagation of multlple-pure-tone noise at supersonic fan tip speeds. 

15. The remaining statlc-to-fl 1 ght differences are characterized by the 
increased flight levels at the 1/3-octave bands containing both fan harmonics 
and turbine tones. Measurements have suggested that the fan harmonics and 
broadband noise are the same In static and in flight conditions, which suggest 
that turbine noise becomes more prominent in flight. It is thought that a 
scattering phenomenon Is responsible for reduced static levels of turbine 
noise in the aft quadrant. More work is required to define the turbine 
spectrum and the directivity shapes under static and under flight conditions 
and the effects of forward motion on turbine-noise propagation. 

The results show the importance of properly identifying static and flight 
engine noise source levels, spectra, and directivities and of adjusting the 
static noise levels for forward motion on a noise source basis. 
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7. SYMBOLS 


Aj) primary nozzlo area, 

B number of fan rotor blades 

BPF blade passing frequency, Hz 

B1 ran booster stage BPF, Hz 

dB Decibel 

D, Dp diameter of primary nozzle, m 

f 1 /3-octave-band center frequency, Hz 

f peak core no * se P eak frequency, Hz 

F fan BPF, Hz 

Hz Hertz 

m flight-effect velocity exponent 

m circumferential mode number 

M, M a airplane flight Mach number 

M m tip Mach number of spinning mode pattern 

M m * cutoff tip Mach number of spinning mode pattern 

M t fan-rotor tip Mach number 

M x axial Mach number of inlet flow 

MPT multiple pure tone 

N static core-noise OASPL versus jet velocity correlation slope 

OASPL overall sound pressure level, dB 

PNLT tone-corrected perceived noise level, dB 

SPL sound pressure level, dB 

T turbine BPF, Hz 

V number of fan stator vanes 


53 


V fl airplane flight speed, m/sec 

Vjp primary jot velocity, m/soc 

V ro j relative jet velocity, Vj p -V n , m/soc 

u excess attenuation coefficients* dB/33G m 

a 

aQASPL difference between static and flight OASI't, dB 

aSPL difference between static and flight SPL, dB 

aAU difference In slant range for projection on one speetrom to another, m 

t. m cutoff ratio of mth circumferential mode 

o angle between inlet centerline and observer, deg 

2 

o variance defined as the sum of the square of the differences between 

measured and estimated SPLs for 1 /3-octave-band center frequency 
to to 10,000 Hz 

* principal lobe location for a particular circumferential and 

radial mode number , deg 
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TABLE 3 

SUMMARY OF ROLL-OFF RATES FOR TURBOMACHINERY SOURCE SEPARATION PROCEDURES 
















































TABLE 5. 

JET AND CORE NOISE COMPONENT OASPL CORRELATIONS FOR THE JT9D-59A 
STATIC ENGINE AT 45.7-METER RADIUS* 



♦GROUND MICROPHONE DATA, SINGLE ENGINE 


TABLE 6(a). SUMMARY OF DC-9-31 /JT8D-1 09 TEST DATA USED FOR EXCESS ATTENUATION ANALYSIS 
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FIGURE 1. DC 9 30/JT8D 109 AIRPLANE CONFIGURATION 









FLUSH-MOUNTED GROUND MICROPHONES 
SINGLE ENGINE | 45.7-METER RADIUS 



FIGURE 5. COMPARISON OF DC-9-30/JT8D-1 09- TOTAL LOW-FREQUENCY NOISE OASPL'S GENERATED STATICALLY 
AND IN FLIGHT. V.„ = 221 M/SEC AND V = 72 M'SEC 







FIGURE 7 COMPARISON OF DC-9-30/JT8D-109 TOTAL LOW-FREQUENCY NOISE OASPL'S GENERATED STATICALLY 
AND IN FLIGHT. V. = 392 M/SEC AND V “ 90 M/SEC 
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FIGURE 8 COMPARISON OF DC-1 0-40/JT9D-59 A TOTAL LOW-FREQUENCY NOISE OASPL'S GENERATED STATICALLY 
AND IN FLIGHT. V. = 268 M/SEC ANO V a = 78 M/SEC 
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(b) 90° FROM INLET CENTERLINE 


FIGURE 13. NORMALIZED SPECTRA OF JT8D-109 STATIC JET-PLUS-CORE NOISE AT 46.7-METER 

Radius, v - o m/sec 
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(d) 140° FROM INLET CENTERLINE 


FIGURE 13 NORMALIZED SPECTRA OF JT8D 109 STATIC JET-PLUS CORE NOISE AT 45.7 METER 
RADIUS. V. - 0 M/SEC 
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FIGURE 14. CORRELATION OF CORE NOISE PEAK FREQUENCY FOR STATIC JT8D-109 ENGINE 
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(b) 90° FROM INLET CENTERLINE 


FIGURE IB. NORMALIZED SPfeCTRA OF JT8D 109 STATIC CORE AT 4B.7-MEf£R RADIUS 
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(d) 140° FROM INLET CENTERLINE 


FIGURE IS NORMALIZED SPECTRA OF JT8D-109 STATIC CORE AT 46.7-METER RAOIUS (CONTINUED) 
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(c) 120° FROM INLET CENTERLINE 



FIGURE ie NORMALIZED SPECTRA OF JT9D-59A STATIC JET-PLUS-CORE NOISE AT 45 7-METER 
RADIUS. V. = 0 M/SEC (CONTINUED) 




(a) 50° FROM INLET CENTERLINE 
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(b) 90° FROM INLET CENTERLINE 

FIGURE 17. NORMALIZED SPECTRA OP JTflD BflA STATIC CORE NOISE AT 4S.7-METER RADIUS 
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(d) 140° FROM INLET CENTERLINE 


FIGURE 17 NORMALIZED SPECTRA OF JT9D B9A STATIC CORE NOI.iE AT 46.7 METER RADIUS 
(CONTINUED) 
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FIGURE 18. CORRELATION OF CORE-NOISE PEAK FREQUENCY FOR STATIC JT9D-59 A ENGINE AT 45.7-ftlETER RADIUS 




FIGURE 19. DETERMINATION OF RELATIVE JET AND CORE NOISE SOURCE LEVELS FROM MEASURED LOW-FREQUENCV 
NOISE SPECTRA (CURVED-FIT TECHNIQUE) 
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(a) 50° FROM INLET CENTERLINE 




(b) 90° FROM INLET CENTERLINE 


NORMALIZED SPECTRA OF DC-9-30/JT8D-109 INFLIGHT JET-PLUS-CORE NOISE AT 45.7-METER 
RADIUS 







SPL - OASPL, dB 


30 


•55 


• 1.2 



(a) 50 FROM INLET CENTERLINE 


(b) 90 FROM INLET CENTERLINE 


2.4 



Ji' 

M/MX 


4 ib.H 
mi.M 


J41 . 


FIGURE 23. NORMALIZED SPECTRA OF DC-10 40/JT9D59A INFLIGHT JET-PLUS CORE NOISE AT 45.7 METER 
RADIUS 
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FIGURE 24. NORMALIZED SPECTRA OF DC-9-30/JT8D 109 INFLIGHT CORE NOISE AT 45.7-METER 
RADIUS 
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FIGURE 24 NORMALIZED SPECTRA OF DC-9-30/JT8D-109 INFLIGHT CORE NOISE AT 45.7-METER 
RADIUS (CONTINUED) 
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INFLIGHT CORE-NOISE PEAK FREQUENCY OF DC-10-40/JT9D-59A AT 46.7-METER RADIUS 








PLUSH-KOUBTED GROUND MICROPHONE SINGLE ENGINE 



FIGURE 28. CORRELATIONS OF OASPL'S OF TOTAL, JET, AND CORE NOISE COMPONENTS FOR DC-9-30/JT8D-109 AT 
45.7-METER RADIUS AND 120° FROM INLET CENTERLINE 
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FIGURE 30. JET/CORE AND TURBOMACHINERY STATIC NOISE SEPARATION FOR THE 
JT8D-109, AT 70 DEGREES. 4B.7-M POLAR RADIUS 
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FIOURE 36 FAN EXHAUST AND TURBINE STATIC NOISE SEPARATION FOR THE 
JT8D 109 AT 130 DEGREES AND 45.7 M POLAR RADIUS 
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FICURE 37. JET/CORE AND TURBOMACHINERY FLYOVER NOISE SEPARATION FOR 
THE DC 10 40/JT9D 59A, AT 130 DEGREES, 45.7 M POLAR RADIUS 
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FIGURE 40. COMPARISON OF FLIGHT AND STATIC PROJECTED PNLTS FOR THE 
DC-9-30/ JT8D- 1 09 
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FIGURE 
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FIGURE 47. COMPARISON OF FLIGHT AND STATIC-PROJECTED SPL SPECTRA FOR THE DC-10-40/JT9D-59A DURING A 
347.5 METER (1140-FOOT) FLYOVER. CORRECTED FAN ROTOR SPEED = 3234.0 RPM 
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FIGURE 55. LOCAL MACH NUMBER DISTRIBUTIONS ON DC-10-40/JT9D-20 WING INLET IN FLIGHT AT 
MAX CLIMB POWER 
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FIGURE 56. NONPROPULSIVE NOISE SOURCES 


(a) 2465 RPM (b) 3070 RPM (c) 3432 RPM 



FIGURE 57. COMPARISON OF FLIGHT AND STATIC-PROJECTED SPECTRA FOR DC-10-10/CF6-6 - 152.4-METERS 









FIGURE 59. SOUND PATH WEATHER FOR DC-10-10/CF6-6D AT APPROACH 
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FIGURE 61. SPECTRAL COMPARISON BETWEEN DC-10-10 APPROACH TESTS AFTER LAYERED WEATHER CORRECTION 






FIGURE 62. EXCESS ATTENUATION ANALYSIS APPROACH 
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FIGURE 64. COMPARISON OF DC 9-30/JT8b 109 SPECTRA AT DIFFERENT MICROPHONE LOCATIONS 
ADJUSTED TO A COMMON APPROACH ALTITUDE 
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FIGURE 65. COMPARISON OF DC 930/JT8D 109 SPECTRA AT DIFFERENT MICROPHONE LOCATIONS 
ADJUSTED TO A COMMON TAKEOFF ALTITUDE 
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FIGURE 66. COMPARISON OF DC-10-40/Jt9b-59A SPECTRA AT DIFFERENT MICROPHONE LOCATIONS 
ADJUSTED TO A COMMON TAKEOFF ALTITUDE 
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FIGURE 67. EFFECT OF ALTITUDE ON DC-9-30/JT8D-109 SPECTRA DATA MEASURED AT OVERHEAD 
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FIGURE 68. EXCESS-ATTENUATION COEFFICIENTS MEASURED AT OVERHEAD BETWEEN 100 AND 3301 






FIGURE 70. AVERAGED EXCESS-ATTEMUATION COEFFICIENTS - APPROACH 






FIGURE 71. AVERAGED EXCESS-ATTENUATION COEFFICIENTS - TAKEOFF 


SINGLE ENGINE GROUND MIC 
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FIGURE 75. EFFECT OF CONVECTIVE AMPLIFICATION ON DC 930/JT8D109 CORE NOISE OVERALL SOUND PRESSURE 
LEVELS AT 76.2-M/SEC AIRCRAFT VELOCITY 
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FIGURE 76. EFFECT OF FORWARD MOTION ON DC-9-30/JT8D-109 CORE-NOISE PEAK FREQUENCY AT 76.2-M SEC AIRCRAFT VELOCITY 
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(a) 50° FROM INLET CENTERLINE 
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(b) 90° FROM INLET CENTERLINE 

FIGURE 78. EFFECT OF FORWARD MOTION ON DC-9-30/JT8D-109 AVERAGE NORMALIZED 
JET-NOISE SPECTRA AT 45.7-METER RADIUS 




FIGURE 78. EFFECT OF FORWARD MOTION ON DC9 30/JT8D109 AVERAGE NORMALIZED 
JET-NOISE SPECTRA AT 45.7-METER RADIUS (CONTINUED) 
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FIGURE 85. DC 1040/JT9D-59A ENGINE NACELLE AND WING-FLAP SYSTEM FOR TAKEOFF AND APPROACH LANDING 
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FIGURE 86. EFFECT OF FLAP SETTINGS ON DC 10 10/CF6 6D LOW FREQUENCY FLYOVER NOISE 
V jp = 198.1 M/SEC. V 8 - 9.45 M/SEC (FLAP SETTINGS OF 0 AND 15 DlGREES) 
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(c) 120° FROM INLET CENTERLINE 


FIGURE 87. EFFECT OF FLAP SETTING ON DC-10-10/CF6-6D LOW FREQUENCY FLYOVER NOISE 
V = 334.4 M/SEC, V = 94.6 M/SEC (FLAP SETTINGS OF 30 AND 60 DEGREES. 
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o FWJflH«MOUNTED GROUND MICROPHONE 





(a) DC 9-30/JT8D-109 CORE NOISE 





(b) DC 1 0-40/JT9D 59 A COR E NO ISE 


FIGURE 88. COMPARISON OF MEASURED AND ANOPP PREDICTED COR§ NOISE SPECTRAI. SHAPES 
FOR DC-9-30/JT8D- 1 09 AND DC-10-40/JT9D-59A AT 45.7-METER RADIUS AND 76.2 M/SEC 
AIRCRAFT VELOCITY 
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FIGURE 89. 


COMPARISON OF MEASURED AND ANOPP PREDICTED JET NOISE REDUCTIONS FOR 
DC-9-30/JT8D-109 IN FLIGHT AT 45.7 METER RADIUS (CONTINUED! 
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IGURE 90. 


COMPARISON OF MEASURED AND ANOPP PREDICTED JET NOISE REDUCTIONS FOR 
DC 1040/JT9D 59A IN FLIGHT AT 46.7 METER RADIUS 
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FIGURE 91. COMPARISONS OF MEASURED AND ANOPP PREDICTED JET-NOISE SPECTRAL SHAPES 
FOR DC-9-30/J T8D-1 09 AT 46.7-METfeR RADIUS (CONTINUED) 
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FIGURE 91. COMPARISONS OF MEASURED AND ANOPP PREDICTED JET-NOISE SPECTRAL SHAPES FOR DC-9-30/JT8D-109 
AT 45-7-METER RADIUS. 



FIGURE 92. COMPARISON OF MEASURED AND ANOPP PREDICTED JET NOISE SPECTRAL SHAPES FOR 
DC- 1 0-40/J t9D-59 A AT 45.7-MEtER RADIUS 
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N1/\ . = 2654 RPM 












FIGURE 102. COMPARISON OF DC-10-40 FLIGHT AND 








SECOND HARMONIC 
(INTERACTION) 
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FIGURE 105. VARIATION IN THE FLYOVER AND STATIC-TURBULENCE-GENERATED LEVELS OF THE FAN 
FUNDAMENTAL TONE WITH FAN ROTOR TIP MACH NUMBER. 








FIGURE 106. STATIC-TO-FLIGHT CORRECTION FOR THE EFFECTS OF NOISE GENERATION ON FAN FUNDAMENTAL 
TONE FOR DC-10-10/CF6-6D AND DC-10-40/JT9D-59A AIRPLANE CONFIGURATIONS 
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TONE CORRECTED PERCEIVED NOISE LEVEL, PNLT 














TONE CORRECTED PERCEIVED NOISE LEVEL, PNLT 



FIGURE no. COMPARISON OF DC 10 40 FLIGHT AND JT9D 59A STATIC CORRECTED PNLT'S 
CORRECTED FOR THE EFFECTS OF FORWARD MOTION, PROPAGATION, AND 
ENGINE INSTALLATION. 
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COMPARISON OF DC 10 40 FLIGHT AND JT9D-59A STATIC-CORRECTED SPL SPECTRA CORRECTED FOR 
CONVECTION AND NOISE GENERATION ON THE FAN FUNDAMENTAL TONE DURING A 120.4-METER 
(395 FOOT) FLYOVER. CORRECTED FAN ROTOR SPEED = 3234.0 RPM. 
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FIGURE 114. COMPARISON OF FLIGHT AND STATIC NARROW-BAND SPECTRA MEASURED ON THE FAN DISCHARGE WALL OF TME CFB-ED ENGINE 
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FIGURE 115. COMPARISON OF DC-10-10 FLIGHT 




JKE (DEGI> 






